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Preface to ”"Cantilever-Based Sensors”

Microcantilevers are typically rectangular-shaped beams, approximately 100 um 200 microns
long, 20 pm 40 microns wide, and 0.5 pm 1 microns thick, and are made of silicon or silicon
nitride. Their mechanical response is often described as a very soft spring. The static deformation
of a cantilever allows for detection of the smallest forces with unprecedented sensitivity, whereas
the resonance frequency of its dynamic response can be used to measure extremely small masses
or fluid properties. Cantilever-based sensors have received considerable interest in the last few
decades as they offer an unparalleled opportunity for the development of highly sensitive biophysical
and chemical sensors, employed in a very wide spectrum of applications. These sensors have
been widely utilized in electronics, automotive and aerospace systems, biophysics, environmental
monitoring, and medical diagnosis sectors, among others. Their working principle is often based on
the interaction between a micrometric cantilever and its surrounding medium, where the mechanical
device responds to changes in some environmental property, such as temperature, pressure, flow,
density, viscosity, or the presence of some analytes of interest. The resonance frequency response of a
microcantilever can be used to measure extremely small masses or fluid properties.

An interesting and widely used application of micromechanical sensors is as gas sensors.
The authors in [1] developed a fully coupled finite-element model for the frequency response
of a cantilever-based photoacoustic gas sensor. In this work, the amplitude of vibration of a
microcantilever was used as a transducer for the pressure wave generated by the gas molecules to
be detected. The model was validated with experimental data and used to optimize and miniaturize
previously reported sensor designs.

The authors in [2] developed a technique for imprinting particles directly on a triangular-shaped
cantilever and used the resonant response of the cantilever to determine the adsorbed mass on the
surface. The number of particles on the surface was counted for further validation of the results by
inspecting the cantilever using scanning electron microscopy (SEM).

The review paper presented in [3] discusses the scanning and actuation techniques for
cantilever-based fiber optic endoscopic scanners. These micromechanical components contribute
to further miniaturization of endoscopes, resulting in the ability to image previously inaccessible
small-caliber luminal organs, enabling the early detection of lesions and other abnormalities in these
tissues.

Piezo-resistive silicon cantilevers are promising candidates in performing high-speed surface
roughness measurements due to their low mass, low probing force, and high signal linearity. The
authors of [4] investigated the trackability of two different cantilever microprobes by building a
theoretical dynamic model, by measuring their resonant response, and by performing experiments
on reference surfaces.

The review in [5] consists of a comprehensive analysis of the rich dynamical response of a
microcantilever oscillating in a viscous fluid and how this response can be used for mass and
rheology sensing. This paper also takes a look at future challenges in the field, such as practical
implementations of sensors, the interaction of devices with non-Newtonian viscoelastic fluid, or the
expected progress in the microfabrication of new geometries.

All of the previous contributions demonstrate how new cantilever-based sensors are
continuously investigated for the development of innovative applications. However, this Special
Issue also collects several contributions about atomic force microscopy (AFM), which is an

extraordinary technique that reached maturity many years ago. High-quality, commercially available
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instruments are largely employed in a variety of fields providing impressive quality images.
Nevertheless, many researchers continue to study new solutions to improve the application of this
technique and to push its limits.

The recent advancements in microcantilever-based force sensors for AFM applications together
with the recent advancements in using high-speed AFM for the study of biological samples were
reviewed in [6].

The authors in [7] proposed a new theoretical model for use in contact resonance atomic force
microscopy. This model captures the tip-sample interaction by imposing appropriate boundary
conditions in the Euler-Bernoulli beam equation. The predictive capabilities of the model were
verified with finite-element analysis.

Tracking of biological and physiological processes on the nanoscale is fundamental in
nanomedicine. AFM techniques are typically used in this area, but these are severely limited when
non-transparent fluids, such as blood, are used due to the limitations caused by the optical readout.
The authors in [8] proposed a new solution where the optical readout is replaced by piezo-resistors
embedded in the cantilever, allowing them to present images of the hemostatic process of blood
coagulation in a turbid liquid.

AFM techniques can also be used to the measure structural and nanomechanical properties of
tissues or cell—cell forces to elucidate elusive phenomena in physiology and pathology. In [9], the
authors used AFM to capture the topographical details of stromal collagen fibrils in porcine cornea
and to calculate their elastic modulus as a function of progressive amylase treatment. The response of
the ultrastructure of the cornea to chemicals can be important in understanding a number of ocular
disorders. In [10], the authors detected the small forces involved in cell-cell interaction using a cell
that adheres to the substrate and a second cell attached to the cantilever free end. The importance
of accurately controlling the experimental condition is outlined by the authors, as shown by the
influence of the experimental conditions on the shape of the cell-cell force curves.

Biomedical applications will benefit from the development of a new Scanning Probe Microscopy
(SPM) configuration, as proposed in [11]. This paper reported a series of design solutions that
significantly increase the stability, precision, and usability of a modified Lateral Molecular Force
Microscope. The full automation of this new SPM configuration with force sensitivity and stability
tailored for biological samples offers a particularly attractive instrumentation for future biomedical

applications.
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Fully Coupled Model for Frequency Response
Simulation of Miniaturized Cantilever-Based
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Abstract: To support the development of miniaturized photoacoustic gas sensors, a fully coupled
finite element model for a frequency response simulation of cantilever-based photoacoustic gas
sensors is introduced in this paper. The model covers the whole photoacoustic process from radiation
absorption to pressure transducer vibration, and considers viscous damping loss. After validation
with experimental data, the model was further applied to evaluate the possibility of further
optimization and miniaturization of a previously reported sensor design.

Keywords: photoacoustic spectroscopy; viscous damping; sensor miniaturization; COMSOL

1. Introduction

Photoacoustic (PA) spectroscopy has been recognized as a sensitive trace gas detection
technique [1]. In a typical PA system, a modulated light beam with a proper wavelength is sent
into a gas sample cell where target gas molecules are excited by the beam. A pressure wave is
produced by the periodic thermal expansion of the gas sample results from collisional relaxation of
excited gas molecules and is detected by various pressure transducers. The detected pressure wave
amplitude is used to evaluate the concentration of target gas in the sample. Commonly, the acoustic
resonance of the gas column in the cell is used to improve the PA signal and a commercial microphone
mounted on the gas cell is used to detect the pressure wave. Finite element methods (FEM) have been
successfully implemented to evaluate the eigen frequencies, modes, and frequency response of PA
cells with complex geometries for cell design optimization, as analytical solutions are restricted to
simple cell geometries [2—4]. Furthermore, it has been demonstrated that FEM can even quantitatively
simulate the PA signal [5]. Most FEM models, however, do not include the pressure transducer in
the model. This is feasible when commercial microphones, which normally have a flat frequency
response under 20 KHz, were used as the pressure transducer. Those microphones can be regarded
as part of the rigid wall of the PA cell when the PA signal frequency is much lower than 20 KHz.
However, with the development of a new branch of PA systems that utilize the mechanical resonance
of the pressure transducers for PA signal improvement, it becomes essential to include the pressure
transducer in the FEM model and consider the acoustic-vibration coupling to simulate the PA system
properly [6,7]. Additionally, with the continuous development of miniaturized PA sensors, it is
important to include the viscous damping in the FEM model. In fact, viscous damping may play
a dominant role on PA signal reduction when the viscous penetration depth is at the same order of the
gas cell dimensions [8,9].

Recently, we introduced a series of cantilever-based miniaturized PA sensors to the field in which
customized micro-cantilevers were used as the pressure transducer and glass tubes with an inner
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diameter as small as 0.6 mm was used as gas cells [10-12]. To guide the development of such gas
sensors towards further optimization and miniaturization, a fully coupled sensor model based on
Comsol Multiphysics is proposed in this paper. The model covers the whole photoacoustic process from
radiation absorption to pressure wave generation, and then to transducer vibration. Viscous damping
was included as an energy loss mechanism. This model is applied to a PA sensor reported in [12],
showing that it can match the experimental data on the sensor frequency response quantitatively well.
Simulations of how different sensor parameters were going to influence the PA signal are further
given, suggesting the possibilities and limitations of miniaturization and signal enhancement for
cantilever-based PA sensors.

2. Experimental Setup

The simulation model is based on an experimental setup as schematically shown in Figure 1,
which was described in detail in [12]. The PA sensor is shown on the right part of the figure.
It mainly consists of an one end sealed transparent glass tube as the cell and a cantilever beam
hanging a micromirror over the cell inlet as the pressure transducer. The micromirror was made
from a piece of square glass plate (width = 300 um, thickness = 30 um), and was made transparent at
the center and reflective elsewhere. Two fibres were aligned towards the micromirror, of which the
excitation fiber transmits the excitation laser beam into the cell through the transparent region of the
micromirror, while the readout fiber points towards the reflective region so that an interferometer
(OP1550, OPTICS11) it is connected to can read the micromirror deflection signal. When the wavelength
of the excitation laser (Oclaro, TL5000VC]) is modulated around one of the target gas’ absorption line
(1530.37 nm for Acetylene in this case) by a current source, gas molecules inside the cell are heated up
periodically and hence generate a pressure wave that vibrates the micromirror. A lock in amplifier
(SRS865, SRS) connected to the interferometer was used to extract the micromirror vibration amplitude
signal at 2nd harmonica of the excitation frequency. All components of the PA sensor were enclosed in
a gas permeation tube because the sensor was designed to be immersed in transformer oil for dissolved
C,H, detection in our experiments. A photo of the inner structure of the sensor part in the setup was
included in the figure to indicate the scale (optical fibres in the figure have a diameter of 0.125 mm).
To be able to compare the real sensor performance with the simulation model described hereafter,
the sensor’s frequency response was collected when it was immersed in an oil standard sample (True
North) with a certificated dissolved C,H, concentration (10(1 £ 10%) ppm). During data collection,
the central excitation wavelength was fixed at the C,H, absorption line and the excitation frequency
was swept around half the resonance frequency of the transducer.



Sensors 2019, 19, 4772

PC _ Excitation fiber

Current Source _—Readout fiber

[ ] '
Mi .
Lock-in Amplifier icromirror.
Excitation Laser - I '
]::::'E y Cantilever beam
@ I

| Gas diffusion
Interferometer . tube
’ Silicone sealing

Figure 1. Experimental setup.
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3. Modeling of the PA Sensor

A sketch of the PA sensor modeled in Comsol Multiphysics is shown in Figure 2a. To reduce
the computational cost, a 2D axisymmetric model was used. The cantilever pressure transducer was
simplified with a round silica glass micromirror (diameter of 300 pum, thickness of 30 um) combined
with a spring foundation constraint that was applied to it. Ideally, the spring constant of the spring
foundation should be set to the same as that of the cantilever beam of the pressure transducer.
However, because the mechanical properties of the cantilever beam were unknown in our experiments,
the spring constant was chosen to ensure that the resonance frequency value resolved by the model
overlaps with that of the experiment’s result. The permeation tube of the sensor was also not included
in the model for simplicity. Key parameters of the experimental setup that were directly implemented
in the model are listed in Table 1.

Table 1. Parameters used for the model.

Parameter Value Description
P 24 Excitation laser power (mW)
t1 30 Micromirror thickness (pm)
rl 300 Cell main body inner radius (pm)
11 13 Cell length (mm)
r2 133 Cell inlet inner radius (um)
2 50 Cell wall thickness (pum)
g 15 Cell inlet to micromirror gap size (um)
12 1.5 Cell inlet section length (mm)

In order to get a correct assessment of the damping loss around the micromirror and the cell
inner wall, and to include the radiation absorption process directly into the model, the gas in the
gas cell and around the cell inlet was modeled with a thermoviscous interface by simply using the
material properties of standard air defined in the Comsol library. Because of the viscous property
and much higher thermal conductivity of the cell walls, they were treated as no-slip and isothermal
boundaries. A pressure acoustics layer was used to truncate the computational domain. The cell wall
in the pressure acoustic domain was set as a sound hard boundary. The outer spherical perimeter
of the pressure acoustic domain was set as spherical wave radiation condition so that acoustic
wave experiences little reflection on the perimeter. Other parameters, such as radius of domains
and maximum mesh element size, were chosen to ensure the convergence of the simulation results
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(e.g., parameter independent frequency response, and relative error estimations smaller than 0.005),
as well as reasonable computational time.

The energy transfer from the excitation laser beam to the gas molecules in the cell was
modeled using a heat source condition in the air domain inside the cell, with heat power density
calculated below.

Thermoviscous
domain

~._Pressure acoustic
domain

Micromirror—— ——

Symmetric
axis

—Cell

(a) (b)

Figure 2. Model of the PA (photoacoustic) sensor (a) and mesh at the micromirror region (b).

Assuming that the transparent window at the center of the micromirror does not affect the
excitation laser beam propagation, the beam divergence from the excitation fiber tip can be treated as
a Gaussian beam with an initial beam diameter (full 1/¢? width), 2wy, equal to the mode-field diameter
of the fiber (10.5 pm). The beam radius at a position z (set z = 0 at the excitation fiber tip surface) can

be described as:
Az
= 1 L7 )2 1
w = w, | +(mv%) (1)

with A being the wavelength. The light intensity of the beam can be then described as:

2
I(r,z) =1 exp(—%) 2)
Ip = kP exp(@) @3)

where I represents the on-axis light intensity, P is the power of the excitation laser, and  is defined
as the distance to the beam axis. k is the transmission coefficient of the excitation laser beam from
the laser to the cell, which considers the coupling loss between fiber connectors and power loss due
to micromirror reflection, absorption and scattering. The heat power density at any location in the
domain, which defines the heat source input in the model, is finally calculated as [6]:

H(r,z) = al(r,z) 4)

where « represent the absorption coefficient of the target gas in the cell. According to the calibration
result detailed in [12], a dissolved C,H, concentration of 10 ppm in the transformer oil corresponds
to a gas phase C,H, concentration of 8 ppm in the gas cell. This leads to an absorption coefficient of
9.26 x 10~*m™!, calculated at atmosphere pressure and room temperature, based on the HITRAN
database [13].
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The mesh around the micromirror region is presented in Figure 2b. To properly resolve the
excitation laser beam, boundary layer mesh elements were applied to the region around the cell axis,
with a first layer thickness of wg /2. Similarly, to include the viscous damping properly, boundary layer
mesh elements were applied to the air close to the cell wall with a first layer thickness of dvisc/5
and edge mesh elements were applied to the cell inlet to a micromirror gap region with a maximum
element size of min(dvisc/3, gap/3), where dvisc is the viscous penetration depth [14], defined as:

dvisc = ITFLPf (5)

with u as the dynamic viscosity, p as the static density, and f as the PA signal frequency.

4. Results

The model was run to evaluate the micromirror vibration amplitude as a function of the heat
power density modulation frequency. The simulated pressure profile at the resonance frequency is
included in Figure Al. The simulated vibration amplitude of the micromirror central point around
the first Eigen mode is compared to that measured in the experiment, as shown in Figure 3. From the
frequency response curves, one can calculate the quality factor of the system [15]. The quality factor
was calculated to be 10 for both experimental and simulation results and is independent from the
transmission coefficient value set in the model. This indicates that the model can simulate the viscous
damping that occurred in the sensor very well. Moreover, when k was set to 0.75, the simulated
frequency response of the sensor almost overlapped with the experimental one. When k was varied
between 0.5 and 1, the simulated frequency response was at the same order as that measured with the
experiment. This result shows that the proposed model could simulate the frequency response of real
PA gas sensor qualitatively well.

0.7
00 +  Measured vib amp, nm
o6k o o O  Simulated amp with 0.75*P
: o O O  Simulated amp with P
o Simulated amp with 0.5*P
O
£ 05 ol
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Figure 3. Experimental and simulated sensor frequency response.

It is well known that, distinguished from conventional absorption spectroscopy, the signal
in photoacoustic spectroscopy is independent from the cell length and becomes higher when the
cell radius is reduced [16]. With increasing interests developed around photonic chip based gas
sensors [17-20], it would be interesting to evaluate the miniaturization potential of cantilever-based PA
sensors, as a guidance for the possible photonic integration of photoacoustic gas sensors in the future.
Parametric sweeps based on the above model were carried out for this purpose. Single parameters
including cell length, cell inner radius, cell inlet to micromirror gap size, and cantilever spring constant
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were swept around their designed values, and the sensor frequency response was simulated and
collected. Three parameters, including resonance frequency, micromirror vibration amplitude at
resonance, and quality factor, were further extracted from the simulated frequency response and
plotted in Figure 4.
To calculate the quality factors, simulated frequency response curves were fitted to a displacement
amplitude function of forced oscillation [15]:
A= . ©
V2= 312+ (rf 2

where f, 7, b are the fitting parameters. The fitting reached a relative residual smaller than 10% for all
points. The quality factor is then calculated by:

Q=1 7)
r

As seen in Figure 4, the oscillation behavior of the frequency response while sweeping the cell
length suggests some complex coupling between the gas volume and the cantilever. Assuming an
acoustic velocity of 340 m/s, the acoustic wavelength (A) at 1940 Hz is about 176 mm, which is
approximately two times the period of the oscillations. However, according to this simulation, the cell
length at around 25 mm leads to the highest PA signal, even though it is much shorter than A /4.
There is a proper hypothesis for this behavior.

Firstly, due to the diameter shrinkage at the cell outlet region and/or the influence of the air gap
between the micromirror and the cell outlet, a cell with a length of 25 mm acts equivalent to a A /4 long
tube resonator with one end closed, which has a fundamental acoustic resonance of around 1940 Hz.

Secondly, when increasing the cell length from 25 mm, every increment of cell length by A/2
creates a new match of the cantilever mechanical resonance with a higher acoustic resonance mode of
the tube resonator, which leads to a new vibrational amplitude peak.

This hypothesis is partially verified by the pressure profile data captured while the cell length
was set to 25 mm, 105 mm, and 185 mm respectively, as shown in Figure A2. Pressure standing waves
are clearly visible at those cell lengths.

While sweeping the spring constant, the vibration amplitude at resonance (f = fj) doesn’t follow
the inverse of frequency (1/ f) accordingly as defined by Equation (6). This could be explained by
a match between the acoustic resonance of the air volume and the mechanical resonance of cantilever,
when the spring constant is around 3 N/m.

Furthermore, increasing the cell radius could increase the PA signal most significantly,
which shows that the cell diameter in the current sensor design is not optimal. The model predicts that
the PA signal increased by two times if the cell radius was changed from 0.3 mm to 0.8 mm, while other
parameters are fixed.

The modeling results for gap size sweep indicates that when the gap size was reduced from 15 pm
to 5um, the PA signal doubled, which is likely due to better coupling between the pressure wave and
the pressure transducer. A further reduction of the gap size reduced the PA signal a lot, most likely
due to the so-called "breathing effect" of the narrow gap region [21].
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Figure 4. Influences of geometrical parameters to resonance frequency, cantilever vibration amplitude,
and quality factor of the PA sensor. Dashed lines indicate original sensor parameters.

5. Conclusions and Discussion

In conclusion, a fully coupled cantilever-based PA sensor model was introduced in this paper.
It was applied to a miniaturized PA sensor reported in [12], showing that it could match experimental
results quantitatively well.

The model was further applied to investigate how different sensor parameters were going to
influence the sensor performance. According to the parametric sweep results, it seems that the signal
to noise ratio of the sensor reported in [12] could be further improved by reducing the gap size,
considering environmental acoustic noise as the dominant noise source [11]. Moreover, it seems that
matching the acoustic and mechanical resonances of the PA cell and the pressure transducer could
be an effective signal enhancement method that is worth further investigation. Furthermore, as seen
from the results, the cell radius and the cell length were already limiting the sensing performance of
the current sensor design. Further miniaturization is expected to increase the influence of viscous
damping on the cell wall and hence deteriorate the gas sensing performance even further. Based on the
modeling results, a semi photonic integration approach, where all components other than the gas cell
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are integrated into a photonic circuit, might combine the high sensitivity of photoacoustic spectroscopy
with the mass production potential of photonic chips in future.
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Appendix A. Simulated Pressure Profile at Resonance Frequencies
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Figure A1. The left figure shows the simulated pressure profile of the sensor cell at resonance frequency.
The right figure shows an enlarged view of the cell gap region.
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Figure A2. Pressure profile in the cell at resonance frequencies when the cell length is set to 25 mm,
105 mm, and 185 mm respectively. The x axis of each graph is manually scaled for visibility.
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Abstract: Liquid-borne particles sampling and cantilever-based mass detection are widely applied
in many industrial and scientific fields e.g., in the detection of physical, chemical, and biological
particles, and disease diagnostics, etc. Microscopic analysis of particles-adsorbed cantilever-samples
can provide a good basis for measurement comparison. However, when a particles-laden droplet on
a solid surface is vaporized, a cluster-ring deposit is often yielded which makes particles counting
difficult or impractical. Nevertheless, in this study, we present an approach, i.e., on-cantilever
particles imprinting, which effectively defies such odds to sample and deposit countable single
particles on a sensing surface. Initially, we designed and fabricated a triangular microcantilever
sensor whose mass 1, total beam-length L, and clamped-end beam-width w are equivalent to that of
a rectangular/normal cantilever but with a higher resonant frequency (271 kHz), enhanced sensitivity
(0.13 Hz/pg), and quality factor (~3000). To imprint particles on these cantilever sensors, various
calibrated stainless steel dispensing tips were utilized to pioneer this study by dipping and retracting
each tip from a small particle-laden droplet (resting on a hydrophobic n-type silicon substrate),
followed by tip-sensor-contact (at a target point on the sensing area) to detach the solution (from
the tip) and adsorb the particles, and ultimately determine the particles mass concentration. Upon
imprinting/adsorbing the particles on the sensor, resonant frequency response measurements were
made to determine the mass (or number of particles). A minimum detectable mass of ~0.05 pg was
demonstrated. To further validate and compare such results, cantilever samples (containing adsorbed
particles) were imaged by scanning electron microscopy (SEM) to determine the number of particles
through counting (from which, the lowest count of about 11 magnetic polystyrene particles was
obtained). The practicality of particle counting was essentially due to monolayer particle arrangement
on the sensing surface. Moreover, in this work, the main measurement process influences are also
explicitly examined.

Keywords: piezoresistive microcantilever mass sensor; resonant frequency; dispensing tip; droplet;
particle sampling; adsorption; PMMA; magnetic polystyrene particles

1. Introduction

The need and demand for a cost-effective and reliable fluid-based particles sampling and counting
technique is of an inestimable significance, e.g., in biomedicine, to detect physical/chemical and

11



Sensors 2020, 20, 2508

biological particles, and diagnosis of diseases [1], etc. Conveyance and gravimetric detection of these
particles with suspended microchannel resonators [2,3] has recently been achieved with negligible
damping and high mass sensitivity. The sensors (e.g., microcantilevers) can also, for instance, be dipped
into a solution containing particles or analytes of interest such as the feline coronavirus to adsorb
and detect them [4-6]; but, low mechanical quality factor Q and randomized particles adsorption
are the inevitable outcomes. Alternatively, liquid-borne media can most conveniently be transferred
onto a sensing surface through droplet dispensing coupled with solvent evaporation. Nonetheless,
a ring-cluster of particles (also called coffee-ring effect) is often observed at the edges of a dried liquid
droplet [7-10]. This is a typical phenomenon that is manifested, for instance, after the evaporation of
impure water droplets on a solid surface, deposition of DNA/RNA microarrays with functional and
particle coatings [11], disease diagnostics and drug discovery [12], lithography patterning [13], particle
and biomolecule separation and concentration [11].

The coffee-ring phenomenon is majorly caused by the pinning of a contact line of the drop
edges to the substrate, and the radial outward-flow from the center (of the droplet) of carrier liquid
during evaporation, which eventually transports the suspended particles to the rim [14]. Moreover,
the particles should adhere to the substrate surface and the evaporation rate be high near the edge of the
droplet. Consequently, the solvent that is lost to the ambient atmosphere (through evaporation at the
rim of the droplet) is primarily compensated by the fluid flow (accompanied with the solutes/particles)
from the center of the droplet.

The particle ring deposits have, however, been eliminated or suppressed by various techniques.
For instance, Yuinker et al. (2011) used ellipsoidal-shaped or a mixture of both spherical and a
small number of ellipsoidal suspended particles [15] to suppress the cluster-ring effect. Elsewhere,
the ring phenomenon has been managed and suppressed by controlling and optimizing of drop
temperature [16], using surfactants [17], and tuning the particle concentration and droplet size [18], etc.
It should be noted, however, that in cases where determination of particle concentration (or number
of particles) is necessary, the cluster-ring deposits (see Figure 1) make particles counting extremely
difficult or even impractical. The latter is quite explicit particularly if the adsorbed particles form
non-uniform multilayers on the solid surface. By tuning the particle concentration, conventional liquid
dispensing [19,20] can be utilized to deposit and realize a relatively small particle concentration [18].
This is, however, a pressure-driven process, and the dispensing tips are often inevitably clogged [20].
With dip-pen nanolithography [21,22], an atomic force microscope (AFM) tip (used as a pen) is dipped
into a desired molecular ink; and then the sampled ink (coated on the apex of the atomically sharp
tip) is transferred directly onto the substrate (from the tip/meniscus to the meniscus/surface interface).
But this is a serial process characterized with low throughput. Moreover, limited substrates and inks
can be used with this method. Additionally, the expensive and fragile micro/nano-sized AFM tips
deployed in this scanning-probe-based direct-writing method limits the versatility of the technique.
Similarly, using a polymer stamp, i.e., poly(dimethylsiloxane) (PDMS), with a predesigned pattern,
micro-contact-based printing [23] can be applied to pattern self-assembled monolayers (SAMs) and
deliver numerable particles onto substrate surfaces. This approach is however difficult to integrate
with resonant mass sensors.

Figure 1. Typical SEM image of a cluster-ring deposit of polymethylmethacrylate (PMMA) particles
arising from droplet dispensing on an n-type (100) silicon-substrate surface.
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Consequently, an easy-to-implement practical approach for assembling a monolayer or uniformly
multi-layered particles on a sensing surface is of desirable interest. In this study, a particle-imprint
method is presented as a flexible and versatile approach for delivering small countable amounts of
particle samples on solid surfaces. Unlike droplet dispensing, this method does not require dispensing
air pressure nor complicated equipment. Thus, making it a cost-efficient alternative technique for
sampling and depositing particles on sensing surfaces.

The particle-imprint method (in this work) involves dipping a dispensing tip into an arbitrary
sized particles-laden droplet followed by substrate/sensor contact to deposit the particles. With
this method, a specified tip can be dipped and retracted from a small droplet containing assorted
monodispersed microparticles (uPs). Afterwards, the particles-laden tip immediately contacts the
cantilever sensing area for a defined time duration (to deposit the particles). During this tip/sensor
contact period, we have shown that some particle solution detaches from the tip and adheres onto a
hydrophilic sensing surface (i.e., silicon bulk substrates and microcantilevers). In congruence with
our initial hypothesis, monolayer particles arrangement on these sensors and substrates has also
been realized.

In the subsequent sections, we therefore present details on how assorted particle samples, i.e.,
PMMA and magnetic polystyrene particles, were localized and deposited onto in-house fabricated
microcantilever sensors utilizing our present approach and setup. PMMA particles (in a functionalized
state, i.e., if the particle surface is bound with surfactant molecules) are most widely used as biomedical
materials due to their biocompatibility. Recently, these particles have increasingly been applied as
drug carriers (e.g., antibiotics), fillers for cosmetic and dental surgery, and for vaccine formulation [24]
and colon cancer treatment [25]. Moreover, their application in colloidal lithography has recently
been demonstrated [26]. Similarly, functionalized magnetic polystyrene particles have found manifold
applications in various fields. Of interest is their use in separating biomolecules (e.g., antibodies,
proteins, and nucleic acids etc.) [27], and separating and sorting of cells [28]. They are also utilized as
tracers for magnetic particle imaging (MPI) [29], agents for diagnostics and targeted destruction of
cancer tumors through local delivery of heat (hyperthermia), and for image contrast enhancement
of diseased tissues [30] and targeted drug delivery [31]. In addition, they have notably been used in
environmental pollution mitigation to remove oil from waste water [32]. In our study though, we have
primarily utilized unfunctionalized forms of PMMA and magnetic polystyrene particles (as discussed in
the subsequent section) and determined their mass concentration on the sensing surface. Further work
to simultaneously determine the magnetic moment from the mass of magnetic polystyrene particles,
utilizing a (modified) measurement setup, is intended. This will help to characterize and effectively
render the use of these particles in magnetic resonance imaging (MRI) and MPI applications. In the
current study, the particles samples (deposited by particle-imprint method) and adsorbed on in-house
fabricated microcantilever mass sensors were quantified based on in-plane resonant frequency fy
response measurements and vividly compared with particle counts from scanning electron microscope
(SEM) images.

2. Materials and Sensor Fabrication

2.1. Particle Samples

In this study, we used magnetic polystyrene particles (micromer®-M, hereafter denoted as MPS)
from micromod Partikeltechnologie GmbH, Rostock, Germany; and polymethylmethacrylate (PMMA)
from Sigma-Aldrich Inc., St. Louis, Missouri, USA. The nominal particle diameters (assuming spherical
shape) and densities were about 2 pm and 1.1 gcm_3 (MPS uPs); 2 um and 1.18 gcm_3 (PMMA uPs).
Experimental samples were prepared by tuning the particle concentration by diluting the original
solution with deionized water to realize various concentration levels ranging from approximately
0.01 mg/mL to 2 mg/mL.

13



Sensors 2020, 20, 2508

2.2. Calibration of Dispensing Tips

Prior to use, our stainless-steel dispensing tips were calibrated (at Physikalisch-Technische
Bundesanstalt (PTB)) to determine their geometrical dimensions and shapes. This was performed
using X-ray computed tomography (xCT) and optical reference measurements utilizing a coordinate
measuring machine (CMM). The inner and outer diameters of the stainless-steel tip (from Nordson EFD
Inc., East Providence, RI, USA), shown in Figure 2, were about 0.117 mm + 10 pm and 0.236 mm + 1 pm,
respectively. The tips were cylindrical; and all the diametric measurements were taken at intervals
of about 0.5 mm by fitting a circle to the determined surface. The assigned uncertainty values were
computed with about 95 % confidence interval (k = 2). The main uncertainty factors considered
included the repeatability of the measured diameters and the maximum permissible sphere distance
error (for inner diameter) and maximum length measurement error (for outer diameter).

Reddish circle markings on the
dispensing tip showing typical
positions for diametric measurements.

Figure 2. X-ray computed tomography (xCT) image showing a 3D rendering of the surface of capillary
of a stainless-steel dispensing tip.

2.3. Cantilever Sensor Design and Fabrication

In Table 1, we show the cantilever geometric dimensions and the simulated characteristics by
finite-element modeling (FEM) using Comsol Multiphysics 4.4b. The free-end configurations of these
microcantilevers (as depicted in Figure 3) were either rectangular or triangular, and the thickness
t of all the sensors are essentially fixed (i.e., t = 15 um). The triangular free-end of first type of
triangular cantilever (TCantl, cf: Figure 3b) is equilateral-shaped (with sides = 700 pm, and length L,
=606 pum), and it is positioned at L1 = 394 pm from the fixed-end of the cantilever (with beam width w
=170 um). The length of the rectangular segment L; = 394 pm = 2/5L, where L is the total cantilever
length of TCantl i.e., L1 + Ly; which corresponds to the length L = 1000 pm of the regular/rectangular
cantilever (RCant1), as depicted in Figure 3a. The two sensors have different cantilever masses, i.e.,
mg = 9.76 ug (TCantl) and my = 5.94 pg (RCantl). Similarly, their flexural fundamental resonant
frequencies (and sensitivities) also differ significantly with fy ~ 185.0 kHz (— ~ 0.04 Hz/pg) and f( =
220 kHz (— ~ 0.07 Hz/pg) corresponding to TCantl and RCantl sensors, respectively. In the current
study, we have designed a second type of triangular cantilever (TCant2, cf: Figure 3c) with an isosceles
triangular-free-end whose base b (just like TCantl sensor) is positioned at L; = 394 um (from fixed-end)
but its magnitude is twice the clamping beam width (i.e., b = 2w). The total cantilever length L (i.e.,
from the fixed-end to apex/free-end) for TCant2 sensor was nonetheless the same as TCantl and
RCantl sensors (i.e., L = 1000 pm). Additionally, by tuning the base-width b of the triangular-free
end of TCant2 sensor (to b = 2w), the cantilever mass (1 = 5.94 ug) is rendered equivalent to the
mass of the regular cantilever (RCantl) sensor (having same total length L and fixed-beam width
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w). Although RCantl and TCant2 sensors have the same L and 1y, a larger resonant frequency and
mechanical quality factor was, however, observed for TCant2 (fy ~ 271 kHz, Q ~ 3000 + 150) than
RCantl (fo = 220 kHz, Q ~ 2000 + 200), as shown in Table 1. This is supposedly due to their geometrical
(shape) differences. Moreover, the isosceles (triangular fee-end) in TCant2 could possibly cause little
damping and lesser effective cantilever mass compared to the rectangular counterpart. Nevertheless,
further work is required to unravel the factors behind the observed differences. For cantilevers of equal
length and similar free-end geometries but different triangular base-widths (— different mg values)
i.e.,, TCant2 and TCant1 sensors, their fundamental in-plane resonant frequencies, mechanical quality
factors, and sensitivities also differ accordingly (as shown in Table 1). TCant1 cantilever (g = 9.76 ug)
yields a smaller fy = 185 kHz (— ~ 0.04 Hz/pg) compared to fo ~ 271 kHz (— ~ 0.09 Hz/pg) from
TCant2 (my = 5.94 pg). Moreover, the latter offers an enhanced mass sensitivity and improved quality
factor. It should be noted that all our sensors were designed to be excited in the in-plane bending
mode of vibration. The main material parameters used in cantilever FEM simulations in Comsol
Multiphysics were density (2.33 gem~2), Young’s modulus (170 GPa) and Poisson ratio (0.28) for silicon,
and volume (i.e., geometrical dimensions of the sensor). All our cantilevers are piezoresistive and
work in a dynamic mode.

Table 1. Cantilevers design parameters and simulated characteristics.

Cantilever Sensor Design/Type

Symbol Definition Rectangular Triangular Triangular
(RCant1) (TCant1) (TCant2)
Ly Rectangular step-length (um) - 394 394
Ly Triangular step-length (pum) - 606 606
L Cantilever total length (um) 1000 1000 1000
w Width (fixed-end) (um) 170 170 170
t Thickness (pm) 15 15 15
b Triangular-free-end: base (um) - 700 340
mgy Cantilever mass (ug) 5.94 9.76 5.94
fo Resonant frequency (kHz) 220 185 271
Sm Mass sensitivity (Hz/pg) 0.07 0.04 0.09
Q Quality factor @ 2000 + 200 1800 + 200 3000 + 150

(i) Measured mechanical quality factor.
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Figure 3. Schematic designs of (a) Rectangular (regular) cantilever (RCantl), and triangular cantilevers
(b) first type (TCant1) and (c) second type (TCant2). The shape of the triangular free-end of TCant1 is
equilateral (with the base b = 700 um) whereas that of TCant?2 is isosceles (with b = 2w = 340 um).

To manufacture these cantilevers, n-type (100) silicon wafers (Siegert Wafer GmbH, Aachen,
Germany) were utilized as base material through a bulk-micromachining fabrication process [33,34].
Initially, these wafers were diced from the silicon wafers into ~ 30 X 30 mm? substrates. Prior to
use, the bulk silicon substrates were thoroughly cleaned to remove from their surfaces any organic
contaminants (e.g., dust particles, lubricants, grease, silica gel, etc.), ionic contaminants (mostly from
inorganic compounds), and silicon dust or metallic debris, etc. To clean them, each substrate was
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boiled (for ~5 min) in a 1:1 oxidant mixture solution of sulfuric acid (H,SO4, 96 %) and hydrogen
peroxide (H,Oy, 30 %) contained in a quartz glass beaker. The substrate was then immersed in a water
bath for about 5 min before rinsing it with deionized water and blow drying with nitrogen gas. Such a
cleaning process is oxidative; and it therefore yields a hydrophilic surface.

The main cantilever fabrication steps comprised of:

e  Substrate preparation (i.e., pre-cleaning),

e  Thermal oxidation,

e  Photolithography,

e  Dopant diffusions: n* and p (1100 °C); p* (1200 °C),

e  Contact holes formation,

e  Metallization: Cr: 300 A / Au: 3000 A,

e  Membrane formation, in which the backside was etched in a cryogenic inductive-coupled plasma
reactive ion etching (Cryo-ICP-RIE) process using SF¢/O;,

e  Structuring and free-release of cantilever through a second Cryo-ICP-RIE process (SFs/O5).

Basically, each pre-cleaned bulk silicon substrate (~30 X 30 mm?) was initially thermally oxidized
(in a furnace at a temperature T ~ 1100 °C for about 100 min). Subsequently, the oxidized sample
was cleaned by sonication (using acetone as cleaning agent), then mounted and spin-coated with a
positive photoresist (AZ 5214, Shipley) prior to patterning (by photolithography using MJB4 mask
aligner from SUSS MicroTec, Garching, Germany). Patterning was essentially useful in defining
various microstructural features of interest ranging from n*, p, and p* doping sites, contact holes,
metallization, membrane, and the cantilever, respectively. Each of these features was realized using a
specific mask design.

In patterning the metal-line connections, for instance, metallization was done by first depositing a
30-nm-chromium layer (which serves as an adhesive layer) and secondly, 300-nm-gold layer through an
electron-beam deposition process. Subsequently, a lift-off process (in acetone) was carefully undertaken
to remove the photoresist from the samples. Since this is a critical step in the fabrication process,
a thorough microscopic inspection of the metallized samples was performed to assess the continuity of
the connection lines. Hereafter, the sample was thermally oxidized and patterned for backside etching
to define the membrane or thickness of the cantilever. Therefore, Cryo-ICP-RIE etching was carried
out at a temperature of approximately —80 °C for approximately 56 min. Lastly, the cantilevers were
patterned and freely released through a cryogenic etching process (at —95 C for about 15 min). This was
the stage at which the desired free-end cantilever configuration (i.e., rectangular, or triangular) was

realized, as depicted in Figure 4.
TCant2 cantilever
Piezoresistive

Wheatstone
bridge

TCantl cantilever

Sensing area
|

e

200 pimy

(a)

Figure 4. SEM images of silicon-based piezoresistive cantilever sensors after fabrication and basic
cleaning processes, with (a,b) depicting TCantl and TCant2 triangular cantilever sensors.
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Usually, after fabrication, the cantilever surface was still covered with the photoresist. To remove
it, the sensor was soaked and cleaned in acetone and thoroughly water-rinsed before drying in a gentle
stream of nitrogen gas. Alternatively, oxygen plasma cleaning was performed. Both cleaning methods
can reliably be used to clear the photoresist from the sensors.

3. Particle-Imprinting Process

3.1. Particle Sampling and Tip Coating

In Figure 5, we schematically illustrate the sampling and depositing of particles onto a silicon
bulk substrate or cantilever-based sensor. Basically, two main steps were involved:

_ Dispensing tip
Droplet with (with capillary)
monodispersed

particles

Pr—

\f& -0

Bulk silicon substrate Bulk silicon substrate
(Hydrophobic) (Hydrophobic)
(a) (b)
i
Bulk silicon substrate Silicon cantilever /
(Hydrophaobic) bulk substrate
(c) (d)

Figure 5. Schematic illustration of the particle sampling and deposition by particle-imprinting process.
(a) Arbitrary sized droplet containing monodispersed particles on a hydrophobic silicon surface.
(b) The dispensing stainless-steel tip is positioned above the droplet and then moved (using a 3D
micro-positioning system) into the droplet. (c) The tip is dipped into the particles-laden droplet to coat
it with the particles solution. (d) After retraction from the droplet, the particles-coated tip is moved
onto the sensing surface to contact and deposit the particles thereon before it is retracted therefrom.

Firstly, a particle solution was initially prepared by homogenously mixing (by sonication) the
selected monodispersed particle solution. Then, an arbitrary-sized small drop (see Figure 5a) was
deposited on a pre-cleaned hydrophobic silicon surface (~10 X10 mm?) under ambient conditions.
In this case, the small droplet served as a particle reservoir. The particles, which are suspended in a
fluid medium e.g. in a droplet, exhibit a random motion.

A dispensing stainless-steel tip (D-tip) was then moved (Figure 5b) and dipped into the small
droplet (Figure 5¢c). Consequently, as illustrated in Figure 5d, the tip surface (apex) is coated (or inked)
with the particles, i.e., a thin (liquid) film would form or adhere on the tip surface upon retraction from
the droplet. The particle solution adheres on the surface of the tip courtesy of capillary action.

It should be noted that the tip apex and the sensing surface were carefully aligned in the same
horizontal plane. Therefore, initially, a contact between the D-tip apex (without particle solution)
and the surface was established, tested, and optically inspected using an USB camera (Mz-902, Oowl
Tech Ltd., Hong Kong, China). The point of contact (i.e., z,) was carefully noted and the tip was then
moved (by means of a micro-positioning system as depicted in Figure 6) into the particle reservoir (i.e.,
to point zj in the drop) for particle coating (for a defined time period).
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Figure 6. Optical image of the typical experimental setup utilized for tip-sensor contact process (particle
deposition) and resonant frequency measurements (particles mass determination).

3.2. Particle Transport Process

The particle-coated tip was moved from the droplet to the target point (i.e., on the bulk silicon
substrate or cantilever mass sensor surface) utilizing the micro-positioning system. Prior to this,
the target surface e.g., the cantilever sensor (as depicted in Figure 6) was first mounted on a sampler
(fixed on a workbench) followed by tip-alignment. The latter was performed by positioning the
D-tip vertically above the cantilever at a defined point along the symmetry axis. The tip-on-sensor
alignment process was optically aided by a camera (and was often repeated whenever the D-tip would
be exchanged). The camera, in this case, helped to visualize the tip while moving and adjusting
the tip apex as close as possible onto the sensor surface. This was necessary to mitigate and reduce
the risk and possibility of breaking the fragile silicon cantilever sensor and therefore minimize the
inaccuracies associated with tip misalignment which otherwise leads to an off-centered particle
deposition/adsorption. Nonetheless, we estimated the minimum achievable tip-on-sensor position
alignment accuracy to be about 10 pm. Taking due considerations, therefore, the coated tip was
retracted from the droplet (to point z), then moved laterally (along the y-axis), and moved vertically
downwards (to point zg) to contact and imprint the particles on the sensing surface.

3.3. Particle Imprinting and Adhesion

The next step involved the transfer of the particles solution from the tip to the target (sensing)
surface by mechanical contact, as depicted in Figure 5d. In this case, the particle-coated tip (apex)
would contact the surface for a defined time duration, hereafter referred to as contact time f.. It is worth
noting that tip-droplet dipping time corresponded to the tip-sensor contact time. During tip-sensing
surface contact, the liquid is detached (from the tip) and attached onto the target surface. In case of a
cantilever sensor, slight deflection is observed during tip contact; hence, avoiding the risk of breaking
the sensor.

After tip-sensor contact, the particles (along with the carrier fluid i.e., water) move radially
outwards and inwards as depicted in Figure 7. During this process, particles arrange themselves on
the surface with the solvent flow; and adsorption happens as a result of water evaporation and the
inter-particle forces owing to surface tension.

The amount of tip-adherent particles solution transferable to the target surface was mainly
influenced by changing the wettability of the substrate/sensing surfaces, size of the dispensing tip, and
tip-sensor contact time f., using different types of particle solutions and particle concentration levels.
Based on these dynamics, we present (in the next section) the typical outcomes of particle adsorption
and arrangements on assorted bulk silicon substrates.
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Figure 7. Schematic illustration of a particle-imprinted substrate sample. The inner radial
liquid—air interface initiates inwards flow (in addition to outwards flow) to suppress the
ring-clustering phenomenon.

3.4. Particles Adsorption on Bulk Silicon Surfaces

Here, we investigate the influence of wettability of substrate surfaces on particle adsorption.
Hydrophilic bulk silicon surfaces were basically realized after general cleaning of the substrates (i.e.,
boiling in a 1:1 oxidant mixture solution of HySO4 (96%) and HyO, (30%), as discussed in Section 2.3).
Nevertheless, for enhanced hydrophilicity, these samples were further treated with O, plasma (for
~30 s). For hydrophobic silicon substrates, the cleaned samples were dipped in a buffered 6 % to 7 %
HF solution for about 10 s.

In Figure 8, we show different substrate samples and their wettability conditions (i.e., with
hydrophobic and hydrophilic surface treatments) and the particles-imprinting outcomes. In this
case, we used a stainless-steel tip with inner and outer diameters of about 0.117 mm and 0.236 mm,
respectively, and a contact time of ~1 s. In both surface wettability conditions, all the samples were
evidently adsorbed with the particles. Nevertheless, for hydrophobic silicon substrates, segments
of adsorbed particles that consists of both mono- and multilayers were observed (Figure 8a); which
otherwise seem to occupy a smaller surface area compared to the highly hydrophilic substrates.
In contrast, the latter have a larger particles distribution area (Figure 8b). This primarily results from
high surface energy of hydrophilic surfaces which consequently attracts the water (i.e.., particles
carrier), thereby facilitating surface wetting. In Figure 8c, which is a magnified view of Figure 8b,
we show a segment of monolayer particles arrangements arising from tip-substrate contact on a
hydrophilic surface. It should be noted that the multi-layer cluster, observed on the hydrophobic
surface (Figure 8a), is a consequence of the water-repulsive nature of these surfaces, which clearly
limits their wettability. It is therefore evident that the particle-imprint approach can favorably work
well on hydrophilic surfaces to realize monolayer particle assembly which facilitates and guarantees
accurate particle counting/estimation.

(b) (©)

Figure 8. SEM images of particle-imprinted bulk silicon samples. (a) Partial segment of spherically
shaped PMMA particles adsorbed on hydrophilic surfaces, (b,c) respectively depict a whole
and magnified partial segment of PMMA particles adsorbed on a hydrophilic silicon surface.
The particle-imprinting process was accomplished using a stainless-steel dispensing tip of inner/outer
diameter ~ 0.117/0.236 mm with a contact time of about 1 s.
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4. Cantilever-Based Particle Mass Detection

4.1. Cantilever Sensor Cleaning/Preparartion

As a pre-requisite, the cantilever sensors were cleaned to guarantee a contaminants-free surface
for accurate determination of the initial (bare) cantilever mass my and resonant frequency fy.
This consequently enhances the accuracy of determining the adsorbed particles mass, Am. The actual
cantilever mass mg and corresponding standard uncertainty for the fabricated sensors ranged from
4.26 ng + 0.10 pg, 15.01 ug + 0.10 pg to 23.01 pg + 0.19 pg for TCant2, RCantl, and TCant1 cantilever
types, respectively. Moreover, their typical mass sensitivities Sy, were approximately 0.13 Hz/pg

(TCant2), 0.03 Hz/pg (RCant1), and 0.02 Hz/pg (TCantl). The parameter S, = L in which mqg

2megs”
denotes the effective mass of the cantilever; and m. is about }1 of the static mass of a bare cantilever [35].

The surfaces of our cantilevers are not functionalized but contain a native oxide which makes them
hydrophilic and suitable for particle adsorption.

Due to the strong van der Waals forces between magnetic polystyrene (MPS) microparticles and
the (hydrophilic) silicon surface, the sticky magnetic polystyrene particles would not ordinarily be
desorbed by soaking in acetone but through a controlled sonication process. It should however be noted
that removing of MPS pPs from silicon substrate surfaces is nevertheless possible through exclusive
wet cleaning processes. These processes primarily involve the use of alkaline and acidic solutions.
For instance, the particle removal efficiency using alkaline solutions was demonstrated by Itano et al.
to be superior to acid solutions [36]. However, these alkaline solutions (e.g., NH4OH-H,0,-H,0O) etch
the silicon surface (by ~0.25 nm/min or more) to lift off the particles, and then dislodge them from the
silicon surface by electrical repulsion. On the other hand, acidic solutions such as HySO4-H,O, solution
oxidize absorbed particles and decompose them by the strong oxidizing force [36]. Nonetheless, both
alkaline and acidic solutions are etch-based particle removal techniques with a high risk of damaging
the cantilever features e.g., the piezoresistive Wheatstone bridge and the electrical connection lines.

Contrarily, ultrasonic cleaning technology utilizes ultrasonic energy to agitate the particles
(or contaminants) on the solid surface and a liquid (solvent) to rinse the loosened particles away.
This method can most conveniently be used to remove contaminants in hard-to-reach areas. Moreover,
the process takes considerably shorter cleaning time compared to the normal wet cleaning processes.
Furthermore, it is a thorough process which yields high-quality cleaning. Nevertheless, the use of
high intensity of vibrations (in which cantilever sensor is subjected to during cleaning) can potentially
damage or destroy the sensor.

To mitigate this challenge, we devised and assembled a metallic adaptor (shown Figure 9a)
onto which the cantilever sensor (adsorbed with MPS pPs) was mounted and clipped (Figure 9b).
Such clipping was necessary to ensure that the sensor does not randomly vibrate and move with the
liquid and accidently hit the wall of the glass beaker. The whole assembly was then immersed into a
glass containing acetone for sonication (which lasted barely less than 3 min). After cleaning, optical
inspection (Figure 9c) was done to assess the effectiveness of the particle removal process. Furthermore,
the cantilever resonant frequency was again measured to ascertain, compare, and average with the
pre-desorption resonant frequency value.

(<)

Figure 9. Optical images of (a) a specially designed metallic adaptor, (b) TCant1 cantilever (adsorbed
with magnetic polystyrene particles) mounted and clipped on a metallic adaptor (prior to immersing it
in acetone for sonication). The surface of the cantilever after sonication cleaning is shown in (c).
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4.2. Resonant-Based Mass Measurement

4.2.1. Gravimetric Mass Sensing

In determining the mass of the adsorbate, a gravimetric measurement setup was deployed as
schematically shown in Figure 10. The cantilever was excited in its fundamental in-plane mode using a
piezo actuator (P-121.01, from PI Ceramics GmbH, Lederhose, Germany), while mechanical vibrations
thereto were detected piezoresistively by means of a U-shaped Wheatstone bridge embedded in the
sensor during the fabrication process. The direct current (DC) voltage to the Wheatstone bridge (1 V)
and sinusoidal actuation signal (up-to 9.9 Vi) to the piezo actuator were supplied by a lock-in-amplifier
instrument (MFLI, Zurich Instruments Ltd, Zurich, Switzerland). All connections to and from the
MFLI instrument to the piezo actuator and cantilever were accomplished via SMA connectors and
coaxial cables.

Particles adsorbed on
cantilever sensing surface

V{ml N
> Lock-in i '
Computer amplifier 1 Ve
MFL) f—

9.9V,

Figure 10. A schematic setup for the measurement of the cantilever resonant frequency f( responses to
determine the mass Am of the adsorbed particles. The lock-in-amplifier (MFLI) supplies voltage to the
in-plane piezo actuator and Wheatstone bridge of the piezoresistive silicon cantilever sensor.

Initially, the resonant frequency fy of a pre-cleaned bare cantilever sensor was measured. Upon
depositing, and after vaporizing the particle solution from the sensing surface, the particle-induced
fundamental resonant frequency fo was then measured under ambient conditions. In this case, a shift
in resonant frequency between the bare and the mass-loaded cantilever was obtained:

Af = fo = fo- 1)

This frequency shift Af (depicted in Figure 11a) is linked to the adsorbate mass (Am) in accordance
with Equation (2). Given the knowledge of the adsorption position x (i.e., the distance between the
loaded mass and the fixed end of the microcantilever with beam length L) and cantilever mass m,
the value of Am can most conveniently be calculated using [37]:

27110 A_f

Am=— ————,
UZ(xAm) fo

2)
where,

U(xpp) = (cos A+ cosh /\)(Cos(/\ %) —cosh(A %)) + (sinA — sinh )\)(sin(/\ %) - sinh()\%)), ©)
is the mode shape function of the cantilever, in which A denotes the vibration modal constant. The value
of A is simply the product of the modal wavenumber 8, and the length L of the cantilever beam, i.e.,
A = ByL; and it depends on the vibrational mode number (which is an integer number n > 1). In our
dynamic frequency response measurements, only the fundamental flexural mode (i.e., first vibrational
mode, n = 1) was mainly involved; hence, A = 1.8751 [35]. The calculated fundamental mode shape
function in relation to the (normalized) particle adsorption point xa,/L is shown in Figure 11.
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Figure 11. (a) Schematic representation of the shift Af in resonant frequency of a cantilever with/without
an adsorbate (load, Am). (b) Mode shape function (calculated based on Equation (3)) at a point x,,/L
along the cantilever beam of length L vibrating in the first (fundamental) mode of which A= 1.8751.
In our experimental work, typical particle adsorption positions ranged from x,,/L = 0.4 to 0.8.

In determining the position xa,, SEM images were captured for each successfully prepared
cantilever sample and x,, was estimated using Image] [38]. The position of the adsorbed
magnetic particles was determined from SEM images with an accuracy of approximately + 0.01 pm.
The SEM particles imaging was mainly done after measuring the resonant frequencies of each of the
involved samples.

Nonetheless, if we assume a distributed mass condition of the adsorbed particles, then:

Am =2mg

Af
fo’
where, meqg ~ my/4 denotes the effective mass of the cantilever sensor.

4.2.2. Particle Mass Determination

The frequency shift Af (determined in accordance with Equation (1)) was used to compute the
particle mass Am using Equations (2) and (3) or Equation (4). This was done by averaging at least five
frequency sweeps (both before and upon particle adsorption on the sensor, and after particle removal
i.e., cleaning of the sensor).

Typical resonance frequency f( responses of a cantilever with and without adsorbed magnetic
polystyrene particles are, respectively, depicted by the brown/open and black/full lines/circles in
Figure 12. The particles-induced resonant-frequency shift Af = —18.09 Hz + 0.86 Hz and —1.00 Hz
+ 0.14 Hz (delineated in Figure 12a,b) corresponds to measurements from TCantl sensors with f( ~
183.5 kHz and 179.8 kHz, respectively; while, Af = —=38.91 Hz + 0.61 Hz and —11.77 Hz + 0.76 Hz
(shown in Figure 12¢,d) resulted from TCant2 sensors with f ~ 271.9 kHz and 268.3 kHz, respectively.
These Af values together with their uncertainties were computed from repeated frequency response
measurements. The initial resonant frequency of the fabricated cantilevers of the same category (e.g.,
TCant2 sensors with fy = 271.9 kHz and 268.3 kHz as depicted in Figure 12c,d) are slightly different,
supposedly due to small variations in the sensor dimensions arising from the fabrication process.
Primarily, for the in-plane excited cantilever sensors, f( o w/L2. Typically, small changes in the beam
width w and/or length L of the cantilever may emanate from the resolution of our photolithography
(~1 um). Correspondingly, therefore, this affects the expected resonant frequency fo by approximately
+1.2 kHz, for triangular cantilever sensors. On the other hand, variations in cantilever thickness t may
also result mainly from the membrane etching process. But this affects the effective cantilever mass
(and its sensitivity Sm).
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Figure 12. Plot of the resonant frequency responses before and after adsorbing magnetic polystyrene
(MPS) microparticles on assorted fabricated triangular cantilevers. (a,b) denote measurements from
TCantl cantilever sensors, while (¢,d) are measurements from TCant2 cantilevers. The MPS uPs (whose
number Np—determined based on point mass-condition i.e., from Equations (2) and (3)) were deposited
on the sensing area through the particle-imprint approach by observing tip-sensor-contact time ¢ of

about 10's, 55, and 1 s using stainless steel tips with nominal internal diameters of ~0.10 mm (a,c,d)
and ~0.15 mm (b).

If we consider point-mass condition (Equations (2) and (3)) and thereby compute the particles mass
Am, the resonant frequency shifts (delineated in Figure 12a—d), translate to the particles concentration
Ny of about 199 + 9 and 13 + 2, from TCant1 sensors; and 103 + 2 and 14 + 1, from TCant2 sensor.
This clearly shows that the number of particles, for each sensor category, increased with resonant
frequency shift. The values of N}, were determined from the mass ratios of Am to a single magnetic
polystyrene particle mass, i.e., 3.53 pg + 0.25pg determined from its measured volume (diameter) and
given density. Besides MPS particles, PMMA uPs were similarly imprinted on the cantilever sensor
(fo ~ 181.0 kHz) and yielded N, ~ 35, resulting from a resonance shift Af ~ —9.88 Hz. To calculate the
mass Am using Equations (2) and (3), the position of the adsorbate (i.e., xa,;, = 470 pm to 750 um) on
the sensor was measured from SEM images (using Image] as earlier discussed in Section 4.2.1).

It is worth noting that the vibration amplitudes of the cantilever sensors with and without load
(as depicted in Figure 12) were closely in agreement, with a small difference of less than 2%. This may
connotate a small change in mechanical quality factor (i.e., damping); but it does not however affect
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the cantilever resonant frequency and the shift thereto nor the adsorbate mass (computed therefrom).
Nevertheless, the measured Q values for TCant2 sensors (— Figure 12¢,d) were relatively higher
(Q ~ 3000 + 150, which depicts better stability) compared to TCant1 cantilevers (— Figure 12a,b) with Q
~ 1800 + 200. Furthermore, as expected—in accordance with Equation (2), different cantilever frequency
bands were observed (in Figure 12a—d). This was typically due to the differences in the number of
adsorbed particles (N}, or Am) on each sensor, small variations in adsorbate position (i.e., xan), and
cantilever mass sensitivity (Sm).

After resonant frequency measurements, the particles-imprinted cantilever samples were
microscopically analyzed (using SEM) to examine the nature of particle arrangement on the sensing
surface. In all these cases, for instance, as depicted in Figure 13, the adsorbed particles resulted in
monolayer particles assembly. Consequently, for the assorted SEM images delineated in Figure 13a—e,
a particles-count of about 13, 11, 160, 25, and 18 was determined, respectively. In Figure 13a, for instance,
an SEM-particles count of about 13 magnetic polystyrene particles was obtained (on TCantl1 sensor) i.e.,
12 equally sized (~1.83 um + 0.03 pm) and 1 oddly sized (~1.07 um =+ 0.03 um) particles. Considering
the density and volume of the particles, this SEM-particle count translates to a calculated mass of about
43.06 pg + 0.16 pg, which agrees well with the particles mass Am ~ 44.39 pg + 6.07 pg (i.e., Np ~ 13 + 2)
determined from the corresponding resonant-frequency response (delineated in Figure 12b). A small
difference between the two mass estimates was nevertheless observed. Besides, the frequency shift
(Af = —1.00 Hz) was notably small. Consequently, this necessitated an enhanced mass sensitivity of
our sensors. Considerably, this limit was fairly extended based on our TCant2 cantilever design; from
which, we realized a mass sensitivity S,, ~0.13 Hz/pg, and gravimetrically detected (Figure 12d) and
determined (based on point mass-condition) about 14 MPS pPs, with a better frequency resolution.
This number of MPS particles (i.e., N ~ 14) is similarly in good agreement with the corresponding
observed particles-count from the SEM image (in Figure 13b), i.e., Np = 11. Furthermore, in our recent
works [39], miniaturized sensors for an enhanced airborne particles detectability has been demonstrated
(with mp = 2 ng to 5 ng and a mass sensitivity ~0.13 Hz/fg); and their use in liquid-based particles
detection is further intended. Besides, special consideration is intended to apply our particle sampling
and imprinting approach on commercial piezoresistive silicon cantilever sensors i.e., CAN30-1-2 sensor,
from CiS Forschungsinstitut fiir Mikrosensorik GmbH, with my = 20 ng; and, PRSA-L300-F80-TL
sensor, from SCL-Sensor. Tech. Fabrication GmbH, with m1(~0.5 ug (a factor of 30 to 50 lower than our
in-house fabricated cantilevers (Table 1)).

In Figure 14, we additionally show a correlation plot that compares the SEM particle-analysis
results with the calculated number of particles from resonant-frequency responses (considering both
point-mass and distributed-mass conditions). The latter condition assumes that the mass of the
adsorbate is evenly distributed on the sensing surface; a factor that potentially leads to the poor
correlation between the calculated number of particles (due to distributed mass condition) and the
observed (SEM-) particle counts, as depicted in Figure 14. On the other hand, from the same plot,
it is apparently clear that the resonance-based number of particles due to point-mass condition
(cf. Equations (2) and (3)) is highly correlated with the (SEM)-particle counts. With a correlation
coefficient of nearly 0.99 (— error-weighted linear fitting in Figure 14) and a minimum detection limit
of about 0.05pg (exhibited from TCant2 sensors), it shows that the measurements are pretty much in
agreement and our (TCant2) sensors offer reasonably high sensitivity, respectively. Notably though,
some deviations from ideal correlation of the resonance-based and SEM-particle estimations were
observed (Figure 14) and their possible causes will further be considered in the subsequent section,
in which we will discuss an exemplar of assorted possible measurement influences.
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Figure 13. Typical SEM images of the adsorbates of magnetic polystyrene (MPS) microparticles on

our various silicon-based piezoresistive TCantl and TCant2 triangular cantilever sensors with (a—e)
respectively denoting B46T1, F22T2, B24T1, A16T1, and A14T1 cantilevers. The SEM-counted number of
particles in (a—e) are ~13, 11, 160, 25, and 18, respectively. From all the cantilever samples, a monolayer

particle assembly was clearly observed. These MPS uPs were deposited on the cantilevers utilizing the

particle-imprint method.
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Figure 14. Comparison of the number of magnetic polystyrene microparticles on both TCantl

and TCant2 cantilever sensors. The number of particles Np was determined from the measured

resonant frequency responses (considering both point-mass and distributed mass conditions) and is

compared with the SEM-particle counting. The blue line depicts an error-weighted linear fit for Np at

point-mass condition.

Nonetheless, considering the small amount of liquid realizable through the on-cantilever particle
imprinting process coupled with the depicted high sensitivities, it is worth noting that the measurement
approach presented herein can plausibly be applied in the testing or detection of liquid-borne viruses
(e.g., coronavirus—whose primary mode of transmission from person to person is through virus-laden
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droplets). In testing for coronavirus, for instance, a test fluid e.g., sputum (from a suspected or
infected person) is sampled. Apparently, most coronavirus rapid-testing methods detect the antibodies
produced in response to viral infection [40]. Contrastingly, to detect the presence of coronavirus
itself, a MEMS-cantilever-based sensor is desirable. This has recently been demonstrated by Digital
Diagnostics AG by functionalizing the surface of the cantilever sensor with a capture layer of antibodies,
which binds antibodies in a test sample fluid [41]. Given the flexibility and ease of adaptation of the
on-cantilever particle imprinting approach, we believe it can potentially and cost-effectively be utilized
to detect liquid-borne viruses such as coronavirus.

4.3. Assessment of Measurement Uncertainty

Resonant-based mass sensing, like conventional macroscale mass measurements [42], is influenced
by the loading position and environmental conditions such as relative humidity (RH) and temperature
(T). A temperature change (AT) correspondingly changes fo by multiplying it with MAT [35],
where @ = 2.6 ppm/K and ag = —44 ppm/K [35,43] denote the linear coefficient of thermal expansion
and temperature coefficient of Young’s modulus E of silicon, respectively; while the change in relative
humidity (ARH) is bound to decrease f due to the moisture that cling to the sensor surface. In our
measurement process, these variables were monitored for every measurement cycle and found to be
small. For instance, the observed maximum temperature change AT for TCantl sensor—delineated in
Figure 15a—was ~0.1 °C within one hour, while the change in relative humidity ARH during the same
period was ~1%. Similarly, for TCant2 sensor (Figure 15b), AT ~ 0.2 °C, and ARH =~ 1%.
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Figure 15. Relative resonant frequency drift (black line) of bare, silicon triangular cantilevers (a) TCant1
(fo = 181.265 kHz) and (b) TCant2 (fo =~ 262.253 kHz) under typical ambient temperature (red line) and
relative humidity (blue line) conditions in the laboratory over measurement time (~1 h).

Furthermore, we define the relative resonant frequency drift y(t) (shown in Figure 15) as a ratio of
the measured resonance frequency f(f), minus its initial value at t = ty, and fy (to), i.e.,:

_Af_ A folke)
fo folto)

which yields an overall relative frequency drift of about —26.1 ppm and 0.9 ppm for TCant1 and
TCant2 sensors, respectively. It should however be noted that the typical duration for measuring the
resonance frequency responses for each cantilever sensor (with/without magnetic particles) was about
1 to 5 min. Within this short measuring period (i.e., within 5 min), a maximum relatively relative
frequency drift of 1.2 ppm (TCant1 sensor) and 0.4 ppm (TCant2 sensor) was observed, i.e., more than
an order of magnitude lower than the overall (~1 h) observed drift values of ~—26.1ppm (Figure 15a)
and ~0.9 ppm (Figure 15b), respectively. Furthermore, the effect of humidity can be assumed to be
negligible (yielding less than 1ppm for ARH = 1% [44]).

y(t) ©)
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Further measurement influences (based on Equation (2)) included uncertainties associated with
the determination of the mass of the cantilever sensor (primarily from the thickness of the sensor),
particle(s) adsorption position xa,, along the cantilever beam (mainly due to tip alignment; of which,
we consider the resolution of the positioning system) and the repeatability of resonant-frequency
shift. Moreover, for the calculated number of particles (cf. Figure 14), particle-diameter estimation
was a critical-influencing parameter. All particles were essentially assumed to be identical in shape
(spherical) and size (~2 um). This was typically observed in all the analyzed samples except one
(Figure 13a) in which only one oddly sized particle (~1 um) was observed. Besides, to minimize
particle mass measurement uncertainties, further work involving calibration of the in-plane cantilever
stiffness is intended.

5. Conclusions

In this study, we have designed and fabricated a triangular cantilever and utilized it as a sensing
surface upon which a novel particle-imprinting approach has been implemented. With this approach,
liquid-borne particles were sampled by dipping a dispensing tip into an arbitrary-sized particle-laden
droplet (on a hydrophobic silicon substrate) followed by tip-sensor contact. We have also examined a
few crucial parameters that regulated the number of particles adsorbed and assembled on the silicon
sensors/substrates i.e., surface wettability, tip size, and contact time. With the particle-imprint approach,
herein presented, the need for a dispensing-air pressure (essentially utilized in liquid dispensing) was
eliminated. Furthermore, no complicated instrumentation is required to deposit numerable particles;
hence, making it fairly cost-effective. Using on-cantilever imprinting method, a monolayer-particle
assembly has been realized on hydrophilic silicon cantilever sensors with the lowest particles-count
of about 11. Typically, from our fabricated triangular microcantilever mass sensors (i.e., TCantl and
TCant2), we can realize a minimum detectable frequency shift Afyi, of about 8 mHz and 7 mHz,
respectively. We have also realized a higher resonant frequency of the TCant2 sensors, which was
271 kHz compared to a rectangular (regular) cantilever sensor (220 kHz) of equivalent total length
(L =1 mm) and mass (m = 5.94 ug). This effectively offered the TCant2 sensor superior advantages
(over RCantl) with a higher mechanical quality factor (Q ~ 3000), an enhanced mass sensitivity (Sm =
0.13 Hz/pg), and a lower minimum detectable mass (~Af min/Sm = 0.05 pg). In this regard, therefore, we
have further envisaged the possibility of utilizing the on-cantilever imprint approach to measure/detect
liquid-borne viruses (e.g., coronavirus) and single particles using our sensors. We have also briefly
examined main sources of uncertainty which affected our particle sampling and resonant frequency
response measurements.
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Abstract: Endoscopes are used routinely in modern medicine for in-vivo imaging of luminal organs.
Technical advances in the micro-electro-mechanical system (MEMS) and optical fields have enabled
the further miniaturization of endoscopes, resulting in the ability to image previously inaccessible
small-caliber luminal organs, enabling the early detection of lesions and other abnormalities in these
tissues. The development of scanning fiber endoscopes supports the fabrication of small cantilever-
based imaging devices without compromising the image resolution. The size of an endoscope
is highly dependent on the actuation and scanning method used to illuminate the target image
area. Different actuation methods used in the design of small-sized cantilever-based endoscopes are
reviewed in this paper along with their working principles, advantages and disadvantages, generated
scanning patterns, and applications.

Keywords: endoscopes; medical imaging; MEMS actuators; piezoelectric; electrothermal; electro-
static; electromagnetic; shape memory alloys; scanning patterns

1. Introduction

An endoscope is an imaging device made up of a long and thin tube that can be
inserted into the hollow openings of the body to image the inner sections in real time
and in a less invasive manner. Advances in fiber optic systems led to the development of
flexible endoscopes, enabling high-resolution images of narrow sections of the body and
reducing the number of biopsies required for a specific diagnosis, with applications such as
cancer detection, microvascular oxygen tension measurement, chronic mesenteric ischemia,
subcellular molecular interactions, etc. Earlier developed standard white light endoscopes
(WLEs) had limited ability to differentiate metaplasia from dysplasia. Such limitations were
surpassed by enhancing the image contrast through the use of dyes in chromoendoscopy or
applying digital filters in narrow band imaging (NBI) [1,2]. The increased use of endoscopic
devices highly improved the diagnostic rate of cancers by permitting the visualization of
early dysplasias which may lead to cancer development [1]. Cancer is the second leading
cause of death in the world. Approximately one out of every six deaths are due to cancer,
killing 9.6 million individuals worldwide in 2018 [3]. It has been observed that early
detection has significantly improved life expectancy and reduced the mortality rate by
30-40% over the last two decades [4].

One of the recently advanced imaging devices was based on confocal laser endoscopy
(CLE). Two variations of CLE that are used commercially in medical applications are the
so-called e-CLE, which is an integrated confocal endoscope developed by Pentax Medical
(Tokyo, Japan), and the probe-based confocal microscope (p-CLE) developed by Mauna
Kea Technologies (Paris, France) [5]. Optical coherence tomography (OCT) is another
frequently used technique to image tissue, where a change in the refractive index of the
scattering coefficient alters the intensity of the backscattered light and is used to provide
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contrast in the image [6]. Photoacoustic (PA) imaging is another imaging technology that
images a tissue surface using short pulsed light waves and detects the ultrasonic waves
generated from the optical absorption. It integrates the benefits of high contrast in optical
imaging and deep penetration of the ultrasonic imaging [7]. On the basis of imaging
depth, PA imaging can be classified into PA microscopy (penetration depth < 10 mm),
PA computed tomography (penetration depth between 10 and 100 mm), and minimally
invasive PA imaging (penetration depth > 100 mm) [8]. In addition to these techniques,
there is visible light spectroscopy (VLS), where the tissue surface is exposed to visible light
and the absorbance spectrum provides structural and functional information about the
tissue. This technique is largely used to monitor the microvascular hemoglobin oxygen
saturation, which can be further used to evaluate local ischemia situations by measuring
the difference between oxygenated and deoxygenated hemoglobin [9,10].

The advancement in optics along with the development of micro-electro-mechanical
systems (MEMS) and microfabrication techniques led to the fabrication of sub-millimeter-
sized flexible endoscopes that can image the narrow cavities in the body, providing informa-
tion about early-stage pre-cancerous tissues. The optimized final design of an endoscope is
often the result of an optical design optimized using special software-based computer sim-
ulations [11]. The rapid evolvement of the software and fabrication technologies enabled
endoscopes to capture the tissue images in three-dimensional space, providing in depth
information about the target surface as well [12]. Most of the preliminary video endoscopes
used coherent optical fiber bundles (CFBs) to transport light from a light source, such as
a xenon lamp or a laser light, to the imaged surface and used charge-coupled devices
(CCDs) to image the tissue surface [13]. Those CCD devices contained approximately
200,000 pixels, which provided limited resolution of the image [2]. The image resolution
and optical magnification in newly developed endoscopes was enhanced using comple-
mentary metal oxide semiconductor (CMOS) chips, which provided images with over
1.3 MPixels of diffraction-limited resolution [14]. However, a minimum center-to-center
distance between the optical fibers in a CFB and the honeycomb effect produced by the
non-imaging area between fibers still limited the resolution in devices having a diameter
smaller than 3 mm, independently of the imaging chip used [15].

It is possible to obtain high-spatial-resolution images with flexible endoscopes having
sub-millimeter diameters by scanning the laser light at the proximal end and capturing the
image on a temporal basis, i.e., acquiring one pixel at a time. Seibel et al. from the University
of Washington developed such a cantilever-based scanning fiber endoscope (SFE), where a
single-mode fiber was excited at resonance to scan the light beam on the target area, and an
outer ring of optical fibers captured the backscattered light [16]. Since that development,
a large number of cantilever-based imaging devices have been fabricated, which will be
discussed later in the paper. In such devices, the tip displacement of an optical fiber
acting as a cantilever beam dictates the field of view (FOV) and the resolution of the
obtained image. Scanning and actuation techniques used to excite a cantilever beam play
a critical role in the performance of such a scanning device. In addition, the small size
and the distortion-free imaging requirements need to be considered during the design
of an endoscopic device for medical purposes as the size of an imaging probe sets the
targeted imageable area, and the motion of organs can lead to the generation of artifacts in
the image.

A large number of state-of-the-art reviews on endoscopic imaging devices are avail-
able in the literature which are mainly focused on different imaging modalities. The
review work in [17] provided a general description of confocal microscopy, OCT, and
two-photon imaging modalities. Similarly, the review work in [18] investigated various
imaging modalities with some information on their actuation mechanisms. The previous
work [6] and the review article by Hwang et al. in [19] provided a general description of
various endoscopic imaging technologies, modalities, packaging/scanning configurations,
and actuation mechanisms. However, a detailed review of the different actuation mecha-
nisms used in fiber optic endoscopic scanners has not been provided previously. For this
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reason, the scanning and actuation techniques used in the recently developed cantilever-
based fiber optic scanners for medical purposes are described in this paper in detail. In the
current review, the mathematical models and applications of MEMS actuators in fiber
optic cantilever-based scanners are reported to provide information about the underlying
working physics of these devices and can provide a foundation for the development of
miniaturized and more efficient MEMS scanners.

The paper is organized as follows: Section 2 provides an overview of the optical com-
ponents used in endoscopic devices. Scanning techniques used in such small-sized devices
are described in Section 3. Section 4 describes the various actuation methods used to excite
the miniaturized optical cantilever beams in detail. A discussion and conclusions about
available cantilever-based scanning devices are reported in Sections 5 and 6, respectively.

2. Overview of Optical Components Used in Endoscopes

The key element used in cantilever-based endoscopic devices is an optical fiber acting
as a waveguide through which light is transmitted using the principle of total internal
reflection at the interface of two different dielectric media. The inner cylindrical portion is
called the core, while the outer region is named the cladding. Both materials are character-
ized by a slight change in refractive index; it is from this that the name of step-index fibers
comes. There are different classifications of optical fibers available based on normalized

wave number V, defined as:
V = (2maNA)/A 1

where a is the core radius, A is the wavelength of the light, and NA is the numerical aperture
of the fiber [20]. NA is calculated from the refractive index of the core and cladding material
of the fiber as [20]:

NA = \/n2core — nzclad ()

The V-parameter determines the number of spatial modes of the electromagnetic wave
that can propagate within the fiber. An optical fiber is defined as a single mode fiber (SMF)
if V <2.405.

For a large V-parameter, the total number of allowed modes N through the fiber can
be approximated as [20]:

N =~ V?/2 3)

Such fibers are called multimode fibers (MMF).

Other than simple step-index fibers, there are other fibers having different refractive
index profiles with radius and they are increasingly finding use in communication fields to
avoid the dispersion of optical waves during propagation. Among these fibers, the most
commonly used ones are fibers having a double-step-shaped profile or a nearly parabolic
variation of index designated double-clad fibers (DCF) and gradient-index (GRIN) fibers,
respectively. In GRIN fibers, light propagates due to the profile of the refractive index
instead of the total internal reflection and follows a sinusoidal path [20].

Different kinds of optical imaging modalities used in endoscopic imaging devices are
described in detail in this section. These technologies are compared with a CCD/CMOS
camera in Table 1. Following the definitions in [15], pixel density for the CFB, CCD,
and CMOS technologies is the number of imaging elements (pixels or fibers) per square
millimeter that can be achieved in practice, while image resolution is the number of these
elements in a Imm diameter. Pixel density and image resolution for SFE assume a single-
mode fiber and are based on specific sampling considerations [15].
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Table 1. Comparison between system performances of imaging technologies used in endoscopes.

Pixel Density =~ Image Resolution . . .

(Pixels/mm?) (Pixels) Pixel Size Advantages Disadvantages
Cross-coupling and honeycomb
effect degrade image resolution

CIB 13k 30.0 k/64.0 k 2 um @ Small form factor, low Aging effect ?esults in
cost non-working pixels due to
fractured fibers within the
bundle
Rectangular geometry limits the
cCcD 238 k 95.0 k 0.5 um x 0.5 um Small p1xe1. size, low usable ar.ea, low dyparrpc range,
cost, no aging effect poor light collection in low
illumination area
Hicher image Rectangular geometry limits the
CMOS 476 k 190 k 1.45 um x 1.45 pm & 8 usable area, poor resolution in
resolution, low cost . . .
devices with diameter <1 mm
Performance dependent on
Dependenton  FiEhrsamplng e acunton mehod oyl
SFE 345 k 282k scanning pattern P P P

sub-millimeter-sized
devices

dependent on objective lens at
the tip and illumination
properties.

and sampling rate

2.1. Fiber Bundles in Endoscopes

Fiber bundles comprise thousands of step-index (or GRIN) fibers contained within a
very small area, ranging from a few micrometers to millimeters in range. A fiber bundle
is used to carry the illumination light from the proximal end to the distal end, and vice
versa, of a device. In a coherent fiber bundle, fibers at both ends are placed at the same
relative position, so that the image is transmitted from one end to the other without any
distortion. In miniaturized scanners, a coherent fiber bundle is predominantly used due
to the perfect alignment of fibers, which facilitates the decoding of the signal [21]. As the
light intensity information is transmitted from one end of the fiber bundle to the other, it is
possible to place the scanning mechanism at the proximal end of the device, which is a
major advantage of such devices.

Every core of the step-index fiber in the bundle acts as a pixel of the imaged data.
Thus, the resolution of the image captured using a fiber bundle depends on the core
size of the fiber and the core-to-core distance between the fibers [22]. For a coherent
fiber bundle with the core separation distance among adjacent fibers represented by Acoe,
the cross-sectional core density or pixel density is given by [15]:

Core densit N i (4)
y= \B Acore

From the core density and the active area covered by the fibers A, neglecting the
space occupied by outer protective jacket and sheath, the image resolution can be obtained
as [15]:

Image resolution = core density x Ay ®)

This equation indicates a major drawback of using fiber bundles for miniaturized
devices as the resolution will be poor due to the honeycomb effect generated by the space
between the consecutive fiber cores representing the non-imaged area [15].

Another disadvantage of using fiber bundles is the crosstalk phenomenon. The cladding
of the step-index fibers constituting the bundle is rendered to a thin layer around the core
during the fabrication of a flexible fiber bundle. A very thin cladding surface enables the
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leakage of the light as it travels through the core, reducing the contrast and the resolution
of the image generated. It is possible to reduce the effect of crosstalk by increasing the
thickness of the cladding section, enlarging contrast between the refractive indices of the
core and cladding material, and/or by reducing the number of modes propagating through
the fiber. However, these approaches make the device rigid, and the honeycomb effect will
be more intensified, thus degrading the resolution [23,24].

It is possible to refine the resolution of the obtained images by post-processing the
data using certain algorithms. Using specific transformation models based on the point
spread function of the cores of each fiber from the bundle, it is possible to smooth the
light gradient, reducing the pixilation effect given by the honeycomb pattern [25-27].
The limitation of these transformation methods to be able to improve the resolution due to
under-sampling is alleviated through the use of pixel super-resolution techniques. In such
methods, the source/image probe is shifted slightly a number of times for the acquisition
of different images, and these images are further combined to enhance the resolution of the
image [28].

In endoscopes that use fiber bundles, a pair of mirrors placed at the proximal end of
the device permit the illumination of a single fiber from the bundle at a time. The fast-axis
scanning (axis with high scanning frequency) is performed using the resonant scanner
(mirror surface vibrated at resonance using one of the actuators described later in the
paper), while a galvo scanner (optical mirror scanned using a galvanometer-based motor)
is used for the slow-axis scanning. A schematic diagram of a confocal micro-endoscope
developed using such a technique is shown in Figure 1.
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Figure 1. Block diagram of a confocal micro-endoscope.

Sung et al. developed an early fiber-optic-based confocal reflectance microscope to
image epithelial cells and tissues in real time, showing the cell morphology and tissue archi-
tecture without the use of any fluorescent stains. The image guide contained 30,000 fibers
and the device had an overall diameter of 7 mm and rigid length of 22 mm to image human
tissue with a lateral and axial resolution (smallest resolvable feature) of 2 pm and 10 um,
respectively [29]. Knittel et al. developed a similar confocal endoscope where tissue images
with a lateral and axial resolution of 3.1 pm and 16.6 um, respectively, were obtained
using a similar fiber bundle contained in a diameter of 1 mm [30]. Lane et al. developed a
similar endoscopic probe for imaging bronchial epithelium having a diameter and length
of 1.27 mm and 10 mm, respectively. This probe had a lateral resolution of 1.4 um and an
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axial resolution of 16 um-26 um [31]. A commercially available endoscope based on this
technique was developed by Mauna Kea Technologies [32,33].

2.2. Single Fiber Endoscopy

A single-mode fiber (SMF), characterized by having a step-shaped index of refraction
change from the core of the fiber to the cladding surface, permits the propagation of only
one mode of light through the fiber. A single spatial mode enables a diffraction-limited
spot to be projected on the sample plane, resulting in a high-resolution image with the use
of an SMF. Due to this property and high flexibility, such fibers find use in miniaturized
optical scanners.

An SMF may find a use in a scanning fiber optic microscope, acting as a spatial
filter [34] or as a pinhole detector [35]. The same fiber is used for laser light illumination
and the collection of the reflected light [34]. An SMF serves as a pinhole in a confocal
system and is used in spectrally encoded confocal microscopes [36,37]. By moving the
fiber in a plane perpendicular to its axis using mechanical systems or a galvanometer, it is
possible to obtain a 2D image.

The SFE described earlier uses an SMF vibrated in resonance to scan the light beam
across the target tissue surface, and a peripheric ring of fibers detects the time-multiplexed
backscattered light. In this case, the sample resolution depends on the scanning motion
and sampling rate, which are not fixed a priori during fabrication. In an SFE, the smallest
resolvable feature is determined by its point spread function. A wider tip displacement
will provide a higher FOV and higher image resolution in terms of the number of pixels in
the scanned area, as described in Table 1.

In contrast to an SMF, a multimode fiber can transmit a large number of spatial modes
at the same time. These fibers have core sizes much larger than the single-mode fibers,
usually in the range of 50 pm-2000 pm. Multimode fibers can be classified into step-
index multimode fibers and graded-index (GRIN) multimode fibers on the basis of the
change in refractive index from the core to the cladding, which can be sharp or gradual,
respectively [38].

A multimode fiber can be considered as an alternative to a fiber bundle and supports
the miniaturization of optical devices. As each fiber in the fiber bundle represents a pixel
for the acquired image, each pixel can be represented by a propagating mode in the fiber.
Thus, it is possible to increase the pixel density of a device by up to 1-2 orders of magnitude
by replacing the fiber bundle with a multimode fiber [39]. A side-viewing endoscopic
probe for PA and ultrasound (US) imaging is developed using an MMEF to deliver laser
pulses to the target tissue, and a coaxial US transducer detects the PA and US echo signals.
The light and acoustic signal is deflected 45° by a scanning mirror placed at the distal
end of the probe, which is rotated by magnets or a micromotor to provide a rotational
scanning [40,41].

The main limitation of using a multimode fiber in an imaging device is modal disper-
sion, which causes multipath artifacts. Several methods have been explored to provide
an image without image artifacts. For example, Papadopoulos et al. used a digital phase
conjugation technique to generate a sharp focus point. In this technique, the phase of the
distorted wavefront was calculated and an unmodulated beam of this phase was propa-
gated in a backward direction to cancel out the distortions and to generate the original
signal [42]. Some other groups proposed wave-front shaping methods to focus the light
passing through a multimode fiber. Even though these methods successfully focused the
light, they required continuous recalculation of the optimal wave due to the fiber mo-
tion [39,42]. These methods do not work in the case of reflection mode detection of objects.
In reflection mode imaging, the transmission matrix describing the response between the
modes at the input and output planes can be used to overcome the distortion [39].

The modal dispersion effect is avoided using GRIN fibers, where the refractive index
change along the section of the fiber equalizes the travel time of different modes. Thus,
different spatial modes propagate at similar velocities. Sato et al. used a GRIN fiber for the
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fabrication of a single-fiber endoscope used for reflectance imaging. However, this device
had some problems related to nonuniform image quality, background distortion, etc. [43].
High-quality photoacoustic images using a GRIN fiber are reported in [44], where the light
focusing property of the GRIN fibers permitted the propagation of spatially distributed
Gaussian beams through the fiber, which enhanced the focusing of the spot at the output.
This, in turn, permitted high-resolution imaging [44].

Double-clad fibers consisting of a central core and two outer cladding layers are
another type of frequently used fibers in endoscopes. These fibers possess the unique
feature of allowing the propagation of both single-mode and multimode light through
the fiber. The single-mode light travels through the central core, while the multimode
light is transmitted through the inner cladding material. Such a fiber is principally used
in fluorescence imaging devices having single-mode illumination and multimode signal
collection. Thus, the advantages of single-mode illumination and multimode collection are
combined in these fibers [45—47].

It is possible to combine OCT and fluorescence imaging in a single endoscope using a
DCEF. In this case, OCT illumination and fluorescence excitation light is projected on the
sample through the core of the DCFE. The backscattered OCT signal is collected through
the core, and the fluorescence emission from the sample is collected through the inner
cladding of the fiber. The OCT source light and fluorescence excitation light are combined
using a wavelength division multiplexer (WDM) before sending it through the core of DCFE.
The recollected light is separated using a DCF coupler, where the recollected OCT signal
from the core of the DCF is submitted to an SMFE, while the fluorescence signal from the
inner cladding is forwarded to an MMF [48,49].

Buenconsejo et al. developed a device that combined narrowband reflectance, OCT,
and autofluorescence imaging in a single-fiber endoscope using a DCFE. This device worked
analogously to other OCT devices, except for the difference that the red/green/blue (RGB)
light was emitted from the central core, while the collection of the reflected light was
performed through the inner cladding. The separation of the various light signals from
three modalities was done using an additional WDM [50].

In a single-fiber-based micro-endoscope, the light beam can be steered at either the
proximal or distal tip of the fiber. The possibility of using a light beam for a proximal
scan allows the separation of large-sized beam scanning devices from the distal end of
the endoscopic device used to monitor the target sample. Thus, it is possible to develop
small-sized endoscopic devices that can image the deep tissue systems within the body.
Proximal scanning is usually performed using side-viewing imaging probes, where a drive
mechanism rotates the fiber to scan the light beam along the circumference of the target
sample [51]. On the other hand, distal scanning is preferentially used in cantilever-based
single-fiber endoscopes where the fiber tip is displaced mechanically using a variety of
actuators. Usually, the fibers are excited at resonance to obtain high tip displacements using
piezoelectric [52-60], electrostatic [61,62], electromagnetic [63,64], electrothermal [65-67],
micromotor mirror [68-70], or shape memory alloy [71] actuators. The working principle
of these actuators will be discussed in detail later in the paper. Pan et al. developed a fiber
optic scanner where the beam was steered at the distal end using a pair of micromirrors [72].
The only commercially available single-fiber endoscope was developed by Pentax to image
the upper and lower gastrointestinal (GI) tract. The optical scheme of this device is shown
in Figure 2a [73]. In this case, the confocal images showing the subcellular and cellular
structures of the upper and lower GI tract are imaged after the administration of the
contrast agent. An in-vivo confocal image of rectal mucosa in human colon collected
using the Pentax endoscope is shown in Figure 2b, where crypt lumens can be clearly
identified [73].
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Figure 2. Fluorescence confocal imaging developed by Pentax: (a) schematic design of the micro-
endoscope; (b) an en face image of rectal mucosa showing the crypt lumens (taken with the permission
of [73]).

2.3. Graded-Index (GRIN) Lens Scanner

In lens scanners, light is deflected due to a non-planar interface between the air and
the lens. The lateral motion of the lens perpendicular to the direction of the incident beam
in these scanners causes variation in the refraction angle, allowing light scanning.

Wu et al. developed a paired-angle rotating scanning OCT (PARS-OCT) probe to
image the gill structure of a Xenopus laevis tadpole, where the beam steering the distal
end of the probe was obtained by the rotary motion of the two angle polished GRIN lenses.
A schematic diagram of this system is shown in Figure 3 [74]. The OCT images of the gill
structure of a tadpole obtained using this device are shown in Figure 4. The photograph of
an OCT probe relative to the tadpole is shown in Figure 4a, while the OCT images in Figure
4b,c enable to clearly identify the gill pockets [74]. Sarunic et al. integrated a gear-based
linear scan mechanism with the PARS-OCT device to control the rotational speed of inner
and outer GRIN lenses. They were able to identify vitreous, retina, and choroid surfaces in
the OCT images of an ex vivo porcine retina [75].
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Figure 3. Schematic diagram of a PARS-OCT probe: (a) distal tip; (b) circular motion generation by
rotating just one lens; (c) linear scan by rotation of both lenses (taken with permission of [74]) © The
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Figure 4. Endoscopic OCT image of the gill structure of a tadpole: (a) photograph of probe relative to the tadpole; (b,c) OCT
images showing gill pockets indicated with g (taken with the permission of [74]). © The Optical Society.

3. Cantilever Beam Mechanics

In small cantilevered optical scanners, the image is obtained by scanning the light
beam at the distal end of the device, as stated earlier. In most of the earlier endoscopes using
CFBs to transport the light to the tissue surface, the beam is scanned using micromirrors
placed at the proximal end of the device. In these so-called proximal scanners, the large-
dimensioned scanning components can be separated from the distal end of the endoscopic
device. Thus, it is possible to fabricate very compact-sized scanning devices. However,
as the beam sweeps light across the CFB, a portion of the light enters through the cladding
of the fibers as well, which results in poor contrast in the image. On the other hand, the
scanning device is placed at the distal end of the endoscopic scanner to illuminate the light
on the target sample in distal scanners. These single-fiber-based endoscopes require distal
scanning to sweep the light across the target sample [24].

Among the distal scanners, it is possible to have two different configurations of devices
based on the scanning direction [6]. In a side-view imaging device, the light from the fiber
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tip is deflected at a certain angle with the help of reflecting mirrors, or prisms. Such imaging
devices provide circumferential images of the target surface, and 2-D cylindrical images
can be obtained by moving the device along its axis [76]. However, in the forward-view
imaging devices, the laser light is laterally scanned using special actuators and provides
the image of the tissue surface at the front of the device [77].

The cantilever-based endoscopic scanners belong to the category of forward-view
imaging devices. In such devices, an optical fiber is fixed at a distance of a few millimeters
from its distal end. The free end of the fiber acts as a cantilever beam, which is vibrated,
using certain actuators described later in the paper, to illuminate the target tissue area.
The backscattered reflected light is used to reconstruct the image of the area using certain
image processing algorithms. These cantilevered optical fibers can be vibrated in resonance,
or at a frequency different from their resonant frequency.

Almost all the cantilevered-fiber optic endoscopes can be considered as cylindrical-
shaped beams. The first resonant frequency (also called natural frequency) of a cylindrical-
shaped cantilevered beam (where one side is rigidly blocked for any movement and the
other end is free to move) is given by:

18752 |E R
ot [

with E, o, R, and L being the Young’s modulus, density, radius, and length of the cantilever
beam, respectively [78]. From this equation, the driving frequency in resonant scanners
depends on the inherent properties and dimensions of the optical fiber acting as the
cantilever beam. In nearly all such scanners, the fiber is a standard 125 pum diameter fiber.
Thus, the resonant and driving frequencies can be adjusted by changing the length of the
cantilevered section.

The deflection of a cantilevered beam in the transverse direction can be obtained
considering the Euler-Bernoulli beam. The Euler-Bernoulli beam theory describes the
relationship between the beam deflection w(x,t) and the applied load f(x,t), assuming
small deformations in the beam such that the planes perpendicular to the x-y axis do not
bend after the deformation. The equation describing the deflection w(x,t) of the beam
in the y direction, in time (t) and along the length (x), can be derived considering the
force and moment equilibrium of an infinitesimal element dx of the beam as in Figure 5.
The equilibrium of forces in the y direction yields:

(Vi) + 252 08) ~ v, + ) = pax)ix L) ”

where V(x,t) is the shear force and f(x,t) the total applied external force per unit length,
while the term on the right-hand side describes the inertial force of the element, with A(x)
being the cross-section of the beam. Similarly, the equilibrium of moment acting on the
element can be written as:

{M(x, t) + a]vg(f’t)dx} — M(x,t) + {V(x,t) + %dx dx + [f(x,t)dx}dz—x =0 (8
with M(x,t) being the bending moment related to beam deflection w(x,f) and flexural
stiffness EI(x) of the cantilever beam, where E is the Young’s modulus, and I(x) is the
cross-sectional area moment of inertia [78]. M(x,t) is given by:

%w(x,t)

M(x,t) = EI(x) 932

©)
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Figure 5. Euler-Bernoulli beam and a free body diagram of an element of the beam.

Simplifying and neglecting higher order terms in Equation (8), and combining it with
(7) and (9), gives:

2 X 2 2w x
P =55 + o | Bl T35 = f(an (10)

The beam deformation under free vibration can be attained by considering f(x,t) = 0.
For beams with a uniform cross-section, Equation (10) can be further simplified by having
A(x) = A, and I(x) = I. Thus,

Pw(x,t) | EId*w(x,t)

or2 oA ot D (1

The beam deflection can be solved using this equation with four boundary conditions
and two initial conditions. The initial conditions are the specified initial deflection wq(x)
and velocity wp(x) profiles causing the motion:

w(x,0) = wo(x) and wi(x,0) = wp(x) (12)

For a cantilever beam, the boundary conditions are the zero bending moment and the
shear force at the free end, and no deflection and slope at the fixed end. In other words,

w(0,t) =0 (13)
8w§2,t) =0 (14)
EI% =0 (15)
% [Ela%gfg”] —0 (16)

Equation (11) can be solved by separating variables as in w(x,t) = X(x)T(t). This ap-
proach permits the separation of Equation (11) into two sub-equations, which can be solved
separately to yield temporal and spatial results. The total solution can be obtained by
combining the two results. As stated above, the temporal solution depends upon the
initial conditions, which vary from case to case. Given the boundary conditions, the spatial
part yields:

X(x) = cosh(Byx) + cos(Bnx) + oy [sinh(Bux) + sin(Bnx)] (17)
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where B, and o, are the coefficients depending on the mode considered. For the first
resonant mode, B,/ is 1.875, while oy, is 0.7341 [78]. The first mode shape of a cantilevered
beam actuated at resonance is shown in Figure 6 along with the beam in an initial state.
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Figure 6. Deformation of a cantilever beam at resonance.

3.1. Resonantly Actuated Scanners

In scanning fiber endoscopes, cantilevered fibers are usually excited at resonance
to scan the light beam. The main advantage of using the driving frequency equal to
the resonant frequency consists in obtaining a higher tip displacement of the free end of
the fiber, which results in high-resolution images (higher number of pixels in the FOV).
It is possible to excite the cantilevered fiber using a variety of micro-actuators, such as
piezoelectric [51,79-81], electromagnetic [82-84], electrothermal [85-87], shape memory
alloys [88], or electroactive ionic polymer [89] actuators. The distal end of the fiber follows
the mode shape shown in Figure 6. Each actuation method is better suited for the excitation
frequency in certain ranges based on their working principle, which will be described in
detail later in the paper. Various resonant scanners in the literature are compared in [90].

Depending upon the actuation technique used to excite the cantilever beam, it is
possible to observe the development of 2D motion of the fiber tip by exciting the fiber
along one direction. The so-called whirling motion, causing the fiber tip to follow an
elliptical-shaped pattern instead of its linear motion, is caused by the cross-coupling of the
motion between the planes perpendicular to the beam axes. It is possible to obtain a stable
whirling motion within a small frequency range [91,92]. The cross-coupling motion can be
avoided by exciting the cantilever beam along certain eigendirections [93]. On the other
hand, Wu et al. developed a fiber optic scanner able to obtain 2D scanning using nonlinear
cross-couplings [94].

3.2. Non-Resonantly Actuated Scanner

Some actuation methods such as electrothermal actuators are unable to generate
motion at very high frequency. It is difficult to generate resonant scanners characterized
with a low resonant frequency as they require long and slender beams, compromising their
mechanical stability. In addition, the fiber tip displacement occurs symmetrically to the
optical axis and is difficult to offset in resonant scanners. In such cases, the cantilevered
optical fibers are excited at a frequency different from their resonant frequency. Even though
there is less tip displacement for a given excitation power, it is possible to achieve beam
scanning at low frequency and offset the center of the scan by adding a bias voltage [90].

In such scanners, the deflection of the distal tip of the fiber ((Stip) is related to the
displacement of the actuator exciting the vibration (J;) by:

3(1— L4
Srip = 0s {1 4+ 3 ”>] + 18 (18)
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with L, g, q, E, I, g being the length of the cantilevered portion of the fiber, length ratio of
the fixed end, mass per unit length of the fiber, Young’s modulus, the moment of the inertia
of the fiber, and acceleration of the gravity, respectively [95].

Zhang et al. proposed a similar scanner where a 45-mm-long fiber was electrother-
mally actuated using a micro-electro-mechanical (MEMS) actuator operating at no more
than 6 V [95]. A similar scanner was developed by Park et al., where a 40-mm-long fiber,
used as an endoscopic OCT probe, was actuated using a 3 V power source [96]. Some re-
searchers were able to develop cantilevered scanners working at a frequency not too far
from their resonance frequency. In such semi-resonant scanners, the fiber tip provided an
intermediate displacement, and no nonlinear whirling effects were present. Moon et al. de-
veloped an OCT probe where the cantilever scanner was excited at 63 Hz using a piezo-tube
actuator [97].

4. Actuators in Cantilever-Based Endoscopic Devices

The miniature size of MEMS devices, along with their light weight and stable perfor-
mance characteristics, makes them attractive for micro and nano applications, among which
are endoscopic optical devices. On the basis of the working principle, MEMS actuators can
be subdivided into piezoelectric, electrostatic, electrothermal, electromagnetic, and shape
memory alloy actuators. The piezoelectric actuators are widely used in endoscopic catheter
design due to their compact size, low power consumption, and large output force. On the
other hand, the actuation displacement is limited in such devices. Electrostatic actuators
are the second most used actuation method in medical scanning devices due to their fast
response and ease of fabrication. However, it is difficult to produce such devices at very
small dimensions, which limits their use in systems requiring a distal actuation. Electrother-
mal actuators generate high actuation displacement and force, but the elevated working
temperature and low working frequency limit their use in some cases. Electromagnetic
and shape memory alloy actuators find limited applications in cantilevered fiber optic
endoscopic scanners [98]. All these actuation methods are described in this section in
great detail and compared in Table 2, where the number of ticks qualitatively indicates the
intensity of a certain pattern [6].

4.1. Piezoelectric Actuators

The working principle of piezoelectric actuators is based on the so-called piezoelectric
effect. Piezoelectric materials have the ability to change the material polarization in the
presence of a mechanical stress and conversely generate strain or force in the presence of
an external electric field. Among the various crystalline, ceramic, and polymeric materials,
aluminum nitride (AIN) and lead zirconate titanate (PZT) are most frequently used in
MEMS devices [99]. Piezoelectric actuators are characterized by providing fast response,
low driving voltage, and low power consumption [100].

The relationship between the electric field applied to the material and the mechanical
deformation exhibited by the material is nonlinear due to the presence of hysteresis and
drift. For a small variation in electric field, the material behavior is almost linear and can
be described by:

e=FEd+clo (19)

where ¢ is the strain tensor, E is the electric field vector, ¢ is the stress tensor, d is the
piezoelectric tensor (vector of strain coefficients), and c is the elastic tensor. In the case of
no external force, the second component on the right-hand side of Equation (19) becomes
zero. The piezoelectric strain depends upon the direction of the mechanical and electrical
fields [101].

Piezoelectric materials often show a nonlinear hysteresis behavior, which causes the
relationship curve between the displacement exhibited by the material and the applied
electric field to be different in ascending and descending directions. Various models have
been proposed to describe this hysteresis phenomena. Bahadur and Mills proposed a
hysteresis model to characterize the symmetric and asymmetric rate-dependent hysteresis.
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The output charge () is related to the endpoint displacement (x) and the applied voltage

(Vp) by:
g=CoVp+ Temx (20)

with Cy and T, being the capacitance of the piezoelectric element and the electromechani-

cal coupling factor, respectively [102].

Table 2. Comparison between different actuation methods used in cantilevered endoscopes [6].

Shape
Electrostatic Electro-Thermal Piezoelectric Electromagnetic Memory
Alloy
Force 4 v/ L4 4 L4
Displacement v/ N v v v
amplitude
Compactness L4 44 4 v 4
Power N v v Vs s
consumption
W‘0r1§1ng Electrostatic force Thermal expansion Piezoelectric effect Magnetization effect Materla'l de-
principle formation
Motion range 1D/2D 1D/2D 2D 1D 1D
Scanning pattern Spiral Lissajous Spiral Linear Linear
Fast response, low Large displacement,  Large force generated,  Large displacement Flexibility,
voltage required, low operating wide operating obtained, quick and large
Advantages L -
easy fabrication, and voltage, small frequency range, low  linear response, easy  frequency
no hysteresis dimensions power consumption to control response
. Large device . High working Large device .
. dimensions, pull-in temperature, not .. . . ¢ e Low dis-
Disadvantages Limited displacement  dimensions, difficult
problem, operable at very to manufacture placement

complicated circuit

high frequencies

Normally, piezoelectric devices are restricted for 1D operation with force/displacement
occurring along the axis defined by the electric field. In these so-called longitudinally trans-
lating piezo chips, the electric field is applied parallel to the polarization direction of
the material, which causes the displacement in the same direction of the field normal to
the surface of the electrodes. In shear piezo elements, the polarization is obtained in the
direction perpendicular to the field direction. Thus, there is an orthogonal relationship
between the direction of the displacement and that of the electric field [103].

Piezoelectric actuators are available in single disc/plate and tubular configurations.
These configurations are described below in detail.

4.1.1. Disc Piezoelectric Actuator

Flat disc piezoelectric actuators can be constructed using a single piezo element (uni-
morph actuators) or using two different piezo elements (bimorph actuators). In either case,
piezo elements are connected to a base material. There is an expansion or contraction of the
piezo material in the presence of an electric current, which provides the bending motion of
the actuator. The schematic diagram showing the working principle of a piezo bending
actuator is shown in Figure 7. When a positive voltage is applied to the piezoelectric
ceramic layer, it elongates in x direction, while the base material does not change its length,
resulting in convex bending of actuator towards the conductive layer, as in Figure 7b.
Similarly, bending in the opposite direction occurs by applying a negative voltage to the
piezoelectric sheet. Li et al. fabricated a scanning fiber probe for an OCT endoscope, where
an optical fiber was placed in the middle of the two piezoelectric plates with a common
copper substrate element. The bending of the fiber tip in the vertical direction was obtained
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by exciting the two piezo elements with the same voltage, i.e., the structure will bend along
the positive or negative directions by elongating or contracting both elements. On the other
side, the motion of the tip along the horizontal axis was obtained by applying an opposite
polarity voltage to the two elements. A two-dimensional Lissajous scanning pattern was
obtained by the fiber tip by controlling the voltages on the two layers [57].
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Figure 7. Piezoelectric bending actuator: (a) schematic diagram; (b) working principle.

Tekpinar et al. developed a piezoelectric fiber scanner where two planar piezo bimorph
cantilever actuators were placed perpendicular to each other to generate the 2D motion of
an optical fiber connected to them. In this case, the dimensions of the cantilevered fiber
and the mode optimization allowed the fiber tip to interchangeably follow a raster, spiral,
or Lissajous scanning pattern by simply changing the actuation parameters. A schematic
diagram of such a model is shown in Figure 8A [104]. The different scanning patterns
were projected on a United States Air Force (USAF) resolution target to evaluate the image
uniformity. From Figure 8B, it can be seen that a raster scan provides a uniform illumination
on the target ((a) within Figure 8B), while the spiral one is characterized by decreasing
illumination along the radius ((b) within Figure 8B). The illumination in the case of a
Lissajous scan is highly dependent on the fill factor ((c) within Figure 8B) [104].

Rivera et al. developed a compact multiphoton endoscope (with an outer diameter of
3 mm) where two bimorph piezoelectric actuators were used to excite a DCFE. Two bimorph
structures were placed in such a configuration to have perpendicular bending axes. A raster
scanning pattern was generated by exciting the fiber in two directions. The fast-scanning
motion was obtained by exciting one of the actuators at the resonant frequency of the
extending cantilevered DCEF, and slow axis scanning was performed by exciting the other
actuator at a frequency much lower than the resonance frequency. The mechanical assembly
of the described endoscope is illustrated in Figure 9a [105]. The developed prototype and
the optical path diagram inside the endoscopic tip are shown in Figure 9b,c [105]. Using
the developed probes, the authors were able to obtain the fluorescence images of an ex
vivo mouse lung tissue at depths comparable to a commercial multiphoton microscope.
The finer resolution (lateral and axial resolution of 0.8 and 9.4 um, respectively) enabled
the probe to clearly identify the alveolar walls and lumens in the unstained lung tissue,
as in Figure 9d [105].
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Figure 8. Multiple patterns generating fiber scanner: (A) schematic diagram of the scanner;
(B) achieved scanning patterns projected on a USAF target (taken with permission of [104]).
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Figure 9. Raster scanning endoscope: (A) mechanical assembly; (B) developed prototype; (C) optical
path diagram; (D) fluorescence image of an unstained ex vivo lung tissue (taken with the permission
of [105]).

It is possible to enhance the cantilever fiber deflection with low power consumption
by using very thin piezoelectric ceramic layers. Recent developments in the field showed
the ability to form piezoelectric layers with thicknesses at submicron levels. A variety
of methods were implemented to deposit the thin film of these materials. Such methods
included arc discharged reactive ion-plating, epitaxial process, sol-gel spin-coating, and
sputtering [100].
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4.1.2. Tubular Piezoelectric Actuator

In the tubular structure, a thin ceramic sheet is bent into a cylindrical shape and can
experience axial, radial, or bending motion. The tube shrinks radially and axially in the
presence of a voltage difference between the inner and outer electrodes of the tube. In these
actuators, the load can be mounted either on the curved surface for radial displacement
or on the rims for axial displacement. These devices are very rapidly responsive, but the
generated force is limited. Usually, the displacement produced by a piezoelectric device is
very small. Thus, it is possible to stack up various piezoelectric disks or tubes to amplify
the generated displacement [99].

As described earlier, piezoelectric actuators are most commonly used in cantilever-
based endoscopic probes, especially the tubular piezoelectric actuators. In this case, the tube
structure is divided into four electrodes and placed near the blocked end of the cantilever
fiber. The base excitation of the fiber along a certain direction is obtained by applying
voltage to two opposite electrodes. Seibel et al. used this configuration to obtain a 2D
displacement of the fiber tip. In this small-sized endoscope, the drive voltage at two pairs
of electrodes had an increasing amplitude and a phase shift of 90°, which resulted in a
spiral pattern followed by the fiber tip [9,10]. The schematic diagram of the scanning fiber
endoscope is shown in Figure 10 along with an enlarged view of the scanning portion show-
ing the cantilevered fiber’s connection with the tubular actuator [15]. Some in-vivo testing
images of airways of a live pig taken with this endoscope (Figure 11b) were compared with
the corresponding images from a conventional Pentax bronchoscope (Figure 11a). The two
devices showed comparable images in terms of resolution and field of view [15].
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hematic diagram of a scanning fiber endoscope (taken with permission of [15]).

Figure 11. In vivo images of airways of a pig acquired with (a) conventional Pentax bronchoscope;
(b) scanning fiber endoscope (taken with permission of [15]).

A similar fiber optic scanner using a tubular piezoelectric actuator, packaged within a
2 mm housing tube, was developed by Liang et al. as a two-photon and second harmonic
endoscope. This novel endo-microscope enabled label-free histological imaging of tissue
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structures with subcellular resolution. The schematic diagram of the developed two-photon
endoscope is illustrated in Figure 12a [106]. An overlaid two-photon and second harmonic
generation image of a mouse liver acquired with such an endoscope is shown in Figure 12b,
where the collagen fibers (in red) and vitamin A granules (in bright green) dispersed in the
cytoplasm (dark green) can be clearly identified [106].
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Figure 12. Nonlinear optical endoscope: (a) schematic diagram; (b) two-photon and second harmonic

generation structural image of a resected mouse liver (taken with permission of [106]).

Vilches et al. developed a fiber scanner for OCT where a piezoelectric tubular actuator
provided the base excitation motion to an optical fiber having a GRIN lens attached to its
free end. In this configuration, schematized in Figure 13a, the beam scanning was attained
by rotating the angle of the collimated beam, which provided high-resolution imaging
while avoiding optical aberrations [107]. The cross-sectional tomogram of a human finger
obtained with this scanner is shown in Figure 13b [107].
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Figure 13. Fourier-plane fiber scanner: (a) schematic diagram; (b) cross-sectional tomogram of
human finger (taken with permission of [107]).
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4.2. Electrothermal Actuators

The working principle of an electrothermal actuator is based on the Joule effect.
The electric resistivity causes an increase in temperature in the presence of the current flow
through the actuator. The amount of heat generated in a material is directly proportional
to the material’s resistivity, current, and the length of the actuator, while it is inversely
proportional to the cross-sectional area of the device. Generated heat causes thermal
expansion and consequently the deformation of the material.

In electrothermal actuators, the cross-section is usually much smaller than the length
of the actuator to make it more resistive and, consequently, cause higher temperature varia-
tions for a given input power. Thus, the temperature along the actuator can be calculated
using a one-dimensional model. A correction factor can be included in the equation to
consider this approximation. The nonlinear partial differential equation describing the
temperature variation (T) in space and time can be obtained using the conservation of
energy [108]. In the case of a rectangular section bar (with width w, and height £), the partial
differential equation (PDE) describing the heat transfer along the length x becomes:

aT 2 d dT S ths /\hcf AEXU' 4 4
pcpgdx—]prdx— [a<—kpa)dx+(T—Tp) (—)dx—&—( » T >(T—Ta)dx+ Y (T — T, )dx (21)

hRt

with p, ¢y, pr, kp being the density, specific heat, resistivity, and the thermal conductivity
of the material characterizing the actuator, respectively. K and hy are the convection
coefficients for the side walls and the faces of the actuator element, respectively. A is the
coefficient describing the heat loss. &, and ¢ are the surface emissivity and the Stefan—
Boltzmann constant for radiation heat transfer, respectively, while T, and T, are the sub-
strate and ambient temperature, respectively. Rt is the thermal resistance between the
actuator surface and the substrate material. ] is the current density along the actuator given
by the current passing through it per unit section of the actuator material. S is the shape
factor and is a function of total heat flux defined as:

(2t
s_w<h+1)+1 (22)

where ¢, is the air gap between the actuator material and the substrate [108,109].

The heat transfer through convection and radiation is evident at very high tempera-
tures. In electrothermal actuators, the operable temperature is limited to avoid damage to
the material. Thus, the corresponding terms in Equation (21) can be neglected [108,110].
Therefore, Equation (21) can be simplified to:

T 2T 5
pepa; =T prtkpos = (T=Tp) <hRT> (23)

The temperature profile along the actuator can be determined knowing the initial
temperature of the actuator and the two boundary conditions.

On the basis of configuration, electrothermal actuators can be divided into hot-and-
cold arm, chevron, and bimorph actuators.

4.2.1. Hot-and-Cold Arm Actuators

These actuators are also called U-shaped actuators, folded beam actuators, heatuators,
or pseudo bimorph actuators. As the name implies, the structure of the actuator is made
up of at least one hot arm and one cold arm. The actuator is usually made up of a
homogenous material with folded arms in a U-shaped pattern that are constrained by
anchors. Usually, the anchor surfaces are characterized by having a large surface area,
required to ensure heat dissipation. Two arms of the actuator characterized by different
cross-sections are connected in series to an electric circuit. The current flows through the
structure with different current densities within the two arms. Therefore, more heat is
produced within the thin arm through the Joule heating principle compared to that of the
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wide arm. This differential thermal expansion of the material causes the thin arm to expand
more and bend towards the wide section, generating the bending moment [98,111].

At the base of the cold arm, there is a thin section flexure arm which helps the bending
deflection at the tip of the actuator in the shape of an arc in the actuator plane. The length
of the flexure arm plays an important role in the value of the tip deflection. In the original
model proposed by Guckel at al., the length of the flexure arm and the wide arm were equal
to half of the length of the thin arm [112]. Huang and Lee developed the mathematical
model describing the tip displacement of the actuator tip with respect to the function of
the air gap between the two arms and the geometry of the arm structures. The smaller
gap between the two arms led to a higher tip displacement, and the optimal length for the
flexure arm was around 14-18% of the total length of the thin arm [113].

The temperature along the beam can be obtained by unfolding the beam and applying
Equation (23). In the case of no external load acting on the tip, the lateral deflection of the
tip at the free end of these actuators can be described by:

Sy — 1 (a* — 2% + 2a) Ara ATy L2
Y = 25T ¥ %2 A — 2031 + 5al + r2aA + 1 + a51 — 2421

(24)

where L, a, A, 1, «, | are the actuator length, ratio of flexure arm length to hot arm length,
cross-section area of the flexure and hot arm, center gap between the hot arm and the
flexure component, coefficient of thermal expansion, and the moment of inertia of the
hot arm (flexure arm), respectively. ATy, is the net temperature difference defined as
the temperature which would cause the expansion of the hot arm alone and is the same
as the net expansion in the real actuator case, where a small expansion of the cold arm
corresponds to a decrease in the flexure component and results in a decrease in the net
expansion between the two arms [114].

Hot-and-cold arm actuators are used widely in MEMS devices. There are large
variations in the geometry of the actuators to achieve asymmetric thermal expansion. It is
possible to obtain the in- plane deflection by changing the length of the arms instead of
the cross-section [115], or using a combination of both the difference in the length and
cross-section [116], or connecting the two arms of the actuator in parallel instead of series,
enabling higher current density in the thick arm, causing the tip deflection towards the
thin arm [117], or changing the resistivity of one arm by selectively doping it.

Lara-Castro et al. designed an array of four electrothermal actuators based on the
hot-and-cold arm configuration to obtain out-of-plane displacement. Four actuators are
used to control the rotation of a MEMS mirror for endoscopic OCT purposes [118]. Some
other changes in the geometry of the actuator include using two hot arms [66,119]. Seo et al.
used this kind of double hot arm electrothermal actuator to obtain the lateral in-plane
displacement of the optical fiber for endoscopic purposes [66,120]. An optical fiber was
firmly connected to the linking bridge connecting the two hot arms and the cold arm.
The differential thermal expansion between hot and cold arms allowed the cantilevered
fiber to move in a lateral direction (in-plane motion), while that between the actuator surface
and the fiber gave the vertical motion, causing the fiber tip to follow a Lissajous scanning
pattern [66]. The schematic diagram of a 1.65 mm diameter confocal endo-microscope
catheter developed using this type of actuator is shown in Figure 14 [65].
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Figure 14. Electrothermally actuated confocal endo-microscope: (a) schematic diagram; (b) working
principle (taken with permission of [65]).

4.2.2. Chevron Actuators

Chevron actuators are also called bent-beam actuators or V-shaped actuators and
are the other type of in-plane electrothermal actuator, with a slightly different working
principle. In this case, the in-plane displacement of the tip of the actuator is obtained from
the total thermal expansion of the components instead of a differential expansion [98].

In a V-shaped electrothermal actuator, two symmetrical slanted beams are connected
at a certain angle to a central shuttle beam at the apex to the base with anchors. The current
passing through the actuator causes the thermal expansion of both slanted beams due to
the Joule heating principle. As the movement of the beam is constrained by the anchors
and the central shuttle, the thermal expansion causes a compression force and a bending
moment, which gives rise to the lateral displacement of the shuttle beam [121].

Similar to the U-shaped beams, the temperature distribution along the arms of the
actuator can be obtained using Equation (23). Enikov et al. described the analytical model
for V-shaped thermal actuators. The analysis of the beam deformation was considered
by taking into account the buckling effect in the beam due to the axial thermal load and
transversely applied force, if any. The numerical solution of the thermoelastic buckling
model of the beam led to the tip deflection of the beam or the central shuttle beam [121].
However, Sinclair presented a simplified model describing the tip displacement to be:

1/2
] — Isin(0) (25)

5:[F+ZMF—lmﬂ@2

where 0 is the initial tilt angle of the arm beam, ! is the length of the single actuator arm,
and /" is the elongation due to thermal expansion [122].

These actuators provide certain advantages over the bent-beam actuators described
earlier, such as rectilinear displacement, larger exhibited force at the tip, and lower power
consumption [98]. The displacement of the central tip of the actuator can be increased
by using longer arm components or reducing the bending angle 6. The opposite changes
increase the exhibited force. Moreover, it is possible to amplify the motion of the shuttle
beam by connecting the two bent-beam actuators in cascade. In the cascaded configuration,
two V-shaped electrothermal actuators are anchored to the substrate and connected together
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L

with secondary V-shaped beams. The current can be passed either through the primary
units only or through all the structural components [123]. Similarly, it is possible to increase
the output force without changing the displacement from the device by placing multiple
V-shaped actuators in parallel [122]. It is even possible to combine the parallel and cascade
configurations to obtain the desired displacement and force outputs [124].

Another variation in chevron actuators consists of changing the geometry of the
actuator to obtain a wide range of output properties. Among these, the most frequently
used are the electrothermal actuators with Z-shaped patterned arms. In this configuration,
the thermal expansion of the beams is blocked due to symmetry constraints, leading to the
bending of the beams and thus the in-plane displacement of the central shuttle element.
Z-shaped actuators permit smaller feature sizes and larger displacement compared to the
V-shaped electrothermal actuators [98,125]. Another alternative in chevron actuators is
a combination of straight and bent beams, or the so-called kink actuator. This kind of
actuator consists primarily of straight arms which undergo thermal expansion by the Joule
effect, while the small kink in the middle serves to guide the motion of the actuator. Kink
actuators provide higher displacement at lower power levels as compared to V-shaped
actuators [126].

Chevron actuators find use in some cantilever-based optical scanners. Kaur et al.
developed a sub-millimeter-sized cantilevered fiber optical scanner that can find use as a
forward-viewing endoscopic probe. In this design, shown in Figure 15a, an electrothermal
chevron actuator made with two parallel legs excites an SMF at resonance. In this case,
the total thermal expansion of the actuating material provides a base excitation motion
to the cantilevered fiber [127]. A resolution target image captured with this scanner is
provided in Figure 15b.
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Figure 15. Cantilevered fiber scanner using chevron actuator: (a) schematic diagram; (b) reconstructed image of a

resolution target.

4.2.3. Bimorph Actuators

A third class of electrothermal MEMS actuators is bimorph or bi-material type actu-
ators. In this kind of actuator, two or more materials with different thermal expansion
coefficients are stacked on top of each other. The different thermal expansion causes the
actuator to bend or curl due to the induced strain generated by the Joule heating during
actuation, which results in an out-of-plane motion [111].

The basic design of a bimorph electrothermal actuator consists of a cantilever-shaped
micro-actuator fabricated using two layers of different materials connected to each other.
The bending direction of the actuator tip during actuation will be dictated by the material
with the higher thermal expansion coefficient compared to the one with the lower thermal
expansion coefficient. The mathematical model for the tip deflection of such a micro-
actuator is described by Chu et al. [128]. Assuming a constant curvature, the deflection at
the free end of a cantilevered bi-material actuator is given by:

5=kL%/2 (26)
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with L being the length of the cantilevered bi-metallic beam, and k being the curvature,
which is:

k= 1 _ 6blszlE2f1t2(f1 + tz)(wz —ap)AT

r (0 E1t12)2 + (b2E2f22)2 + 2b1byE1Eptyty (2t12 + 3t1ty + 2t22)

(27)

where r is the radius of curvature, b, ¢, E, a are the width, thickness, Young’s modulus
of elasticity, and the thermal expansion coefficient, respectively, of the two materials
characterizing the actuator. AT is the change in temperature due to Joule heating [128].

As with other electrothermal actuators, it is possible to place the different bimorph
actuators in a cascaded configuration to amplify the obtainable tip displacement. In such
structures, the various bimorphs are placed together in a serpentine direction, which causes
the tip deflection from each bimorph to be added in series, yielding the higher overall
tip displacement. It is possible to use different geometries for the bimorph structures to
adapt according to the required spacing limitations in the microdevices. Large numbers
of bimorph structures can be connected in a vertical cascaded form to generate a large
out-of-plane displacement. Many bimorph structures can also be placed in parallel to lift
the high load mirror surface [129].

Bimorph actuators are the most frequently used electrothermal actuators and find use
in a large number of scanning mirror MEMS devices. Zhang et al. developed a cantilevered
fiber scanner excited non-resonantly using a MEMS stage. This platform, placed at a
certain distance from the fixed end of the fiber, was connected to the fixed surface using
three-segment bimorph actuators at four edges. Three segments of the Al-S5iO, bimorph
actuators were placed in a configuration, shown in the schematic of Figure 16, to cancel
out the lateral motion generating large vertical motion at the fiber tip [95]. Such a device
along with imaging optics was packaged in a 5.5 mm probe to use as an endoscopic OCT
probe [96].
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Figure 16. Schematic diagram of a non-resonant fiber scanner using bimorph electrothermal actuation
technique (taken with the permission of [95]).

4.3. Electromagnetic Actuators

The working principle that governs the motion in these actuators is the so-called
electromagnetic principle, where the conversion from electric/magnetic energy to me-
chanical energy takes place by means of a magnetic field. Similar to an electrostatic
actuator, there are stationary and moving parts, named the stator and the rotor, respectively.
Depending on whether the magnetic field is generated by the static or rotor component,
there are two different configurations available for these actuators. Both configurations are
described below in detail.
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4.3.1. Moving Magnet Configuration

In this configuration of MEMS electromagnetic actuators, a bulk magnet is placed
inside an electric coil. When the current flows inside the wire coil, it generates a magnetic
field. The intensity of the generated magnetic field depends upon the current passing
through the coil, the radius of the coil surface, and the distance from the coil. For a circular
coil, the generated magnetic field is given by the Biot-Savart equation:

uoNI 12
H(z)= —"+——p (28)
) 2(r2 +22)*2

where y is the permeability constant, N is the number of turns, I is the current, r is the
mean radius, and z is the distance along central axis [130].

In the moving magnet configuration, a permanent magnet with net magnetization
vector M is placed inside an external magnetic field Hey created by one or more electric
coils at angle a. The external field applies a torque on the moveable magnet given by:

Th = |VinagM X Hext| = VipagMHexssin () (29)

with Vi, being the magnetic volume. Using a soft magnetic material, the generated torque
Ty rotates M moving it away from the equilibrium position (easy axis) by an angle 6. An
anisotropy magnetic torque T, will be generated inside the magnet, tending to realign it to
its initial position.

T, = —K,sin(26) (30)

K, is the magnetic-anisotropy constant. An opposite torque T}, is exerted on the easy
axis and thus on the magnet itself [64]. If the direction of H,y; remains constant at an angle
v (v = 7y at the beginning) from the easy axis, the torque becomes:

Ty = VinagMHeysin(y — 6) (31)

In a permanent magnet, M = M; (saturated magnetization), and 6 = 0. The magnetiza-
tion of soft magnets changes with the applied external magnetic field and M;.
The external magnetization vector acting along the direction of M is:

H, = Hxtcos(y —0) (32)

Thus, the change in M induces the poles at the end of magnet, which generates a
demagnetized field H; in the opposite direction of H,:

H; = —NyM/ o (33)

where N is the shape anisotropy coefficient. The net field (H;) inside the sample changes
to the sum of the applied and demagnetized field. The sample moves to reduce H; and
cause the magnetization vector to be:

toHextcos(y — 0)
Nym

M = min , M (34)
In equilibrium, the field torque T rotates M from easy axis and is balanced by the
anisotropy torque T, and tends to align M and vibrate the magnetic component [131].
Joos et al. developed an OCT probe for imaging based on this technique. In this probe,
an electromagnetic coil was placed at the outer surface in the center, in which a magnet was
placed carrying a thin-walled 28-gauge tube. An SMF fiber was contained in a “S”-shaped
34-gauge stainless-steel tube placed within the 28-gauge tube, as in the schematic shown
in Figure 17a. In the presence of an electric current at the coil, the electromagnetic force
generated the sliding motion of the 28-gauge tube along the curved part of the inner
S-shaped tube, allowing the fiber to move in the lateral direction [132]. The performance of
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the device was tested by imaging the ocular tissue structures. A real-time OCT image of
ocular conjunctiva is shown in Figure 17b, where different tenons and sclera layers can be
clearly identified [132].
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Figure 17. Forward-viewing OCT probe based on electromagnetic actuation: (a) schematic diagram;
(b) real-time image of conjunctiva (taken with the permission of [132]) © The Optical Society.

Sun et al. developed a cantilevered fiber scanner for medical endoscopic applications,
where an SMF with a collimating lens was excited at resonance using an electromagnetic
actuator working on this principle. The researchers fixed a soft cylindrical magnet to an
optical fiber using a 1 mm diameter polyimide pipe, and a tilted coil was fabricated using a
microfabrication lithography technique [133]. The schematic of the design is illustrated
in Figure 18. In the presence of an AC current applied to the coil, a magnetic field was
generated within the coil and vibrated the magnet fixed to the fiber, resulting in excitation
of the fiber [133]. Two tilted coils can be used to drive the fiber in two directions to obtain a
2D image [134].
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Figure 18. Schematic of an electromagnetically driven fiber scanner (taken with the permission of [133]).

A similar probe, schematized in Figure 19, was recently developed by Yao et al., where
a cantilevered fiber containing a mass element and a lens at its tip was excited at a second
resonance mode using a pair of flexible driving coils. The geometry of the cantilevered
portion generated a 2D elliptical motion, with a larger scan angle at the fiber tip in the
presence of a magnetic force generated by the soft magnet in the presence of a magnetic
field [64].
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Figure 19. Schematic design of a fiber scanner excited at second resonance mode using an electro-
magnetic actuator (taken with the permission of [64]).

4.3.2. Moving Coil Configuration

In the moving coil configuration, an electric coil is fabricated on the scanner and is
placed inside a static magnetic field created by external magnets. When the current flows
through the coil in the presence of an external magnetic field, a force is exerted on the coil,
designated as the Lorentz force. The force generated on the coil is given by:

F = |IL x B| = BILsin(6) (35)

where B is the external magnetic field, I is the current, L is the length of the conductor,
and 6 is the angle between the direction of the current and magnetic field [135]. The force
produced can be written in terms of Equation (28) as well. Usually, the conductor is placed
perpendicularly to the magnetic field to obtain the maximum exerted force. Equation (35)
will be simplified to:

F = BIL (36)

In the case of a coil with N turns, the generated magnetic torque on the coil is:

N
Tnag =2 Y, BILry (37)

n=1

with 7, being the distance of the nth coil turn from the center [90].

As in the previous case, the actuator (coil surface) deforms due to the generated
torque, and a restorative torque will arise in the coil to bring it to its initial state, causing
the vibration of the moving coil. This technique is frequently used to actuate micromirror
surfaces [136,137] and finds limited use in cantilevered fiber scanners.

4.3.3. Magnetostrictive Actuation

Magnetic materials are characterized by a special property which allows them to
change their dimensions in the presence of a magnetic field. This effect is called magne-
tostriction. The material can undergo a change in dimension until it reaches the value of
saturation magnetostriction, which depends on the magnetization and, therefore, on the
applied magnetic field [138].

Bourouina et al. developed a 2D optical scanner based on the magnetostrictive effect.
In this case, a silicon cantilever was coated with a magnetostrictive film. Due to the uniaxial
nature of the magnetostrictive material, bending and torsion vibrations were generated
simultaneously in the presence of an AC magnetic field generated by the electric coils
placed in its surroundings. Later, a piezoresistive detector was incorporated in the device
to measure the bending and torsional vibrations [139,140].

A slightly different fiber optic scanner was developed by a group of researchers from
the University of Texas. In this design, an optical fiber was coated with a ferromagnetic
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gel which experienced a bending motion in the presence of an external magnetic field
generated by a magnet placed at the outer surface. The schematic configuration of this
device is shown in Figure 20 [141].
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Figure 20. Schematic of a magnetically actuated fiber-based imaging system (reprinted with permis-
sion from [141]).

4.4. Electrostatic Actuators

An electrostatic actuator includes at least two pairs of electrodes attached to two
plates separated by a gap. One of these plates is fixed by anchors and is named the stator,
while the other plate is able to move and is designated the shuttle. In the presence of a
voltage difference between the two plates, an attractive electrostatic force generates among
them, causing the movement of the shuttle plate towards the stator. The amount of the
electrostatic force generated between the two components depends on the gap and the
dielectric constant of the media separating the two plates. The generated electrostatic force
is given by:

AeV*

Fes:?

(38)
where A is the electrode area, ¢ is the dielectric constant of the air, V is the total voltage
difference applied to the plates, and g is the air-gap distance [142]. The maximum voltage
that can be applied to a pair of electrostatic electrodes is delimited by the pull-in voltage.
The electrostatic force increases with the applied voltage until the point when the force
causes the two plates to collapse together. The maximum applicable voltage without
causing this phenomenon is called pull-in point voltage. The electrostatic actuators can be
classified into parallel plate and comb drive, which are described below.

4.4.1. Parallel Plate Actuator

In a parallel plate configuration, two electrodes are placed parallel to each other in
an interdigitated finger configuration. In optical scanners, the moving electrode is mostly
represented by a polysilicon mirror used to deflect the light.

Another variation of a parallel plate actuator is a system where the moving electrode
has a rotational degree of freedom. The application of the voltage to the electrodes in
this case causes the rotation of the moving electrode with a tilt angle obtained from the
equilibrium between the electrostatic torque generated by the electrostatic force and the
restoring torque. The large deflection angle in this case requires a large air gap between the
electrodes. The maximum deflection of the rotating electrode should be less than one third
of the air gap to avoid the pull-in phenomenon [143].
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Most of the torsional electrostatic actuators are divided into small-sized scanner arrays
causing large tilting angles with small air gaps. There are some systems developed with
tapered electrodes to allow large tilting angles.

One of the main drawbacks of electrostatic actuators is that a large driving voltage is
required to obtain moderate deflection angles. It is possible to partially overcome this by
using tapered electrodes instead of the parallel-shaped ones [144].

4.4.2. Comb Drive Actuator

In electrostatic comb actuators, multiple plates are connected to make interdigitated
static and mobile rows. Such a configuration enables an increase in the interaction area
between the two electrodes, and, consequently, high electrostatic forces are generated. As in
the parallel plate configuration, the out-of-plane motion of the mobile mirror structure
can be obtained by making a vertical offset between the torsional support and the driving
arm [143].

In vertical comb drives, the moving comb motion is out-of-plane with the motion of
the fixed comb, which avoids the pull-in phenomenon. Moreover, the deflecting mirror
can be decoupled from the actuating part, permitting a large possible deflection of the
mirror itself. The higher electrostatic torque generated by the comb structure leads to the
possibility of higher driving frequencies and thus a higher scan speed [145].

Vertical comb drives are used frequently to actuate micromirrors [146-148]. It is
possible to place the moving comb structures at a certain angle with respect to the fixed
ones to obtain an angular vertical comb drive. The initial angle between the comb structures
determines the obtainable maximum angle rotation of the mirror connected to it [61].

A group of researchers at Fraunhofer University studied the design optimization for
comb drive micro-actuators. It was more convenient to place the electrodes in a star-shaped
pattern to obtain a higher deflection of the mirror surface [149].

Both types of actuators are mainly used to actuate micromirrors [100]. Munce et al.
developed an electrostatically driven fiber optic scanner (shown in Figure 21a) where a
single-mode fiber was placed in a platinum coil. The packaged probe had a diameter
of 2.2 mm. There were two insulated wires placed around the optical fiber which acted
as electrodes. An electrostatic force was generated around the fiber in the presence of a
potential difference between the two electrodes, which allowed the fiber tip to vibrate [150].
An in-vivo Doppler OCT image of the heart of a Xenopus laevis tadpole, taken with this
device (Figure 21b), enabled clear visualization of the left and right aortic arches [150].
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Figure 21. Electrostatically driven fiber scanner: (a) schematic diagram; (b) Doppler OCT image of a tadpole heart (taken

with permission of [150]) © The Optical Society.
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4.5. Shape Memory Alloy Actuators

Shape memory alloys (SMAs) are unique metallic alloys having the ability to return to
their original shape after being deformed plastically. The deformation recovery is usually
obtained by increasing the temperature of the material, which releases the state of stress.

SMA material is available in either a wire or a sheet shape. Frequently used SMA
actuators take the form of a coil structure as they can provide a larger stroke as compared
to a straight wire per unit length. The shear modulus and the spring constant of a SMA
coil/spring depend on the composition, temperature, strain, and shape memory treatment
applied to the material. In the design of an SMA actuator, the material is deformed at a low
temperature and thermally treated to remember its shape. The shape recovery of the coil is
obtained by increasing the temperature via the Joule effect by passing a current through
the wire [151].

SMA coil actuators show a one-way shape memory effect. Thus, a bias spring or
a second SMA coil spring is combined with an SMA coil actuator to obtain a two-way
actuation. When a current is passed through the SMA coil, it tends to return to its original
shape, which exerts a force on the second spring/coil, permitting motion in one direction.
When the current is stopped, the SMA coil cools down and it is re-deformed by the force
applied by a bias spring or activating the second coil [152].

SMA coils are largely used in endoscopes to bend the distal tip for a long time. Maeda
etal. fabricated a 2 mm diameter endoscope head where an actuation ring connected to two
SMA springs guided the bending motion of the endoscope tip which contained the optical
guide fibers by pulling or releasing the pull wire connected to it. The schematic diagram
showing the structure of the described design is shown in Figure 22 [153]. When an SMA
coil spring (1) is heated, it tends to recover its shape and rotates the actuation ring to the
right, which in turn pulls the wire, causing the bending motion of the tip. By stopping the
current in that coil and heating the other coil, the tip returns to its original position [153].

Actuation ring

Image guide fiber Pull wire

Light guide fiber SMA coil spring (2)  SMA cail spring (1)
e ; Ta% .
Yo N
0. 4mm | T ) ) ‘) ] 2mm
< Bending part > % SMA actuator >

Figure 22. Schematic design of endoscopic tip guided using SMA coils (taken with the permission
of [153]).

Haga et al. used three SMA coil actuators at equilateral triangle locations between
two links to form a joint. The bending motion generated by these actuators allowed the
snake-like movement of the central working channel of the endoscope, i.e., guided the
endoscope [154].

A similar endoscope was designed by Makishi et al., where the active bending motion
of the endoscopic tip, containing a CCD imager, was obtained using three SMA coil
actuators [155]. The endoscope design showing the structure of the device is illustrated
in Figure 23 [155]. Another similar endoscope was developed by Kobayashi et al., where
the bending motion of the endoscopic central channel containing a CMOS imager and
three LEDs was obtained using three SMA wires and a stopper coil. In this case, a large
bending angle was obtained at low cost by allowing the SMA wires to follow an arc-shaped
deformation [71].
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Figure 23. Active bending endoscope using SMA coil actuators: (a) endoscope design; (b) enlarged
view of the actuation mechanism (taken with the permission of [155]).

5. Discussion

Optical endoscopic imaging enabled the visualization of cellular and subcellular
structures in real time, enabling early interventions and improved diagnostic yield from
fewer biopsies. Moreover, the less invasive nature of the imaging device results in reduced
tissue trauma, low risk of complications and operational costs, and fast recovery times.
In cantilever fiber endoscopes, an optical fiber is rigidly fixed to an actuator’s substrate
surface, leaving a few millimeters of free end at its distal end. Most often, this free end is
vibrated at resonance to obtain a large tip displacement, which in these imaging devices is
directly related to the resolution of the obtained image. Various imaging applications, such
as confocal endo-microscopy, OCT, photoacoustic imaging, etc., can be found using such
endoscopes.

Frequently used MEMS actuators in fiber optic endoscopic devices comprise piezo-
electric, electrothermal, electromagnetic, electrostatic, and shape memory alloy actuators.
Piezoelectric actuators are available in plate or tubular structure, among which the latter
is largely used as it provides the base excitation to the fiber held in the center along two
directions. By linearly increasing the amplitude of sinusoidal voltages at two pairs of
electrodes with a 180° phase shift, one can obtain a spiral scanning pattern.

Electrothermal actuators are available in three different types including hot-and-cold
arm, chevron, and bimorph actuators. In a hot-and-cold arm actuator, the different geome-
tries of the two legs produce asymmetric heat generation and, consequently, an asymmetric
thermal expansion, generating a bending motion at the actuator tip. Similarly, in bimorph
actuators, the different material properties cause the bending of the actuator tip. These
techniques can be combined with other actuation methods to obtain a 2D Lissajous scan-
ning pattern. Chevron actuators have symmetrical legs and provide linear 1D motion at
the tip.

Electrostatic actuators are available in parallel plate and comb drive configurations.
These actuators find limited use in fiberoptic scanners due to their large dimensions but
are frequently used in scanners having proximal scanning devices such as mirrors.

The shape recovery property of shape memory alloy materials makes them an excellent
alternative for providing a large actuation force in compact dimensions.

Various imaging endoscopic devices using these actuators are described in this paper.
The performance of some recently developed fiber optic cantilever-based scanners is
summarized and compared with the clinically available endoscopes in Table 3.
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As stated earlier, scanning fiber endoscopes were introduced recently in the field.
Most of the devices mentioned in this paper find limited use in clinical application but are
more in the transition from research to clinical phase. The only commercially available
cantilever-based endoscopes for clinical use are those developed by Pentax [73] and Mauna
Kea [32] Technologies.

The choice of an endoscopic device depends on the target imaging region, ease of use,
and cost of the device. The cost of an endoscopic device comprises fabrication and operating
cost. The operating costs mainly consist in decontamination and sterilization, which can be
performed at high temperature such as autoclaving or hot air oven or at low temperature
using chemical agents. The fabrication cost of an endoscope highly depends on the cost
of the laser source, actuation, and detection mechanisms. Among the various actuators
studied in this paper, electrothermal actuators are economic ones. However, the high
working temperature can limit their usage at a high frequency. Otherwise, piezoelectric
tubular actuators are cost-effective in terms of possible bidirectional actuation at high
actuation frequency. The development of MEMS actuators enabled batch production of
miniaturized actuators, reducing the fabrication costs to great extent and permitting the
fabrication of disposable endoscopic scanners.

6. Conclusions

The actuation and scanning devices for cantilever-based endoscopic probes are de-
scribed in this review paper along with their design and working principles. The size
of an actuator is an important factor in a cantilevered endoscopic device. The develop-
ments in the MEMS field permit the mass production of small-sized actuators, enabling the
fabrication of small-sized imaging probes. The endoscopic technology is aiming towards
the design of low-cost disposable imaging devices as the reprocessing and sanitation of
an endoscopic device is a complex and expensive process. The fabrication of small-sized
actuation mechanisms helps to reduce the price of device. Moreover, small-sized probes
can be advanced further to image the small body cavities, enabling early detection of
pre-cancerous surfaces and helping in the diagnostic procedure to control the lesion at a
preliminary stage.
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Abstract: High-speed tactile roughness measurements set high demand on the trackability of the
stylus probe. Because of the features of low mass, low probing force, and high signal linearity, the
piezoresistive silicon microprobe is a hopeful candidate for high-speed roughness measurements.
This paper investigates the trackability of these microprobes through building a theoretical dynamic
model, measuring their resonant response, and performing tip-flight experiments on surfaces with
sharp variations. Two microprobes are investigated and compared: one with an integrated silicon
tip and one with a diamond tip glued to the end of the cantilever. The result indicates that the
microprobe with the silicon tip has high trackability for measurements up to traverse speeds of
10 mm/s, while the resonant response of the microprobe with diamond tip needs to be improved for
the application in high-speed topography measurements.

Keywords: roughness measurement; piezoresistive microprobe; high-speed surface measurement

1. Introduction

Surface roughness plays a great role in diverse fields, such as semiconductor technol-
ogy, automotive manufacturing, and medicine engineering. It is an important predictor
of the performance of a mechanical component [1,2]. The international standard ISO
4287/4288 [3 4] specifies various parameters, R;, R;, Rz, Ry, etc., for the evaluation of
the surface roughness. One of the most widely used parameters, the arithmetical mean
deviation of the surface height R, is expressed mathematically by

1 N
R = L2 M

where N is the number of measured points in a sampling length, and Z; is the ordinate
values of the roughness profile.

The measurement of surface roughness demands a technology with high accuracy,
high throughput, relatively large measurement range, and low probing force. The mea-
surement methods of surface texture and roughness can be divided into two categories:
contact stylus instruments and optical instruments such as vertical scanning interferometry
(VSI). Although the optical methods have the advantages of high throughput and no
probing force, their utilization is limited by the optical properties and surface structures
of the artifacts. The optical instruments have difficulties in measuring the surfaces with
slopes. Undesirable light reflection and diffraction effects decrease signal quality. A study
performed by Jaturunruangsri [5] proves that the stylus method is more accurate than the
VSl instrument in the roughness measurements for hard materials.
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However, one drawback of the contact stylus instruments lies in the low throughput.
During the measurement, the stylus scans line by line. It is especially time-consuming
for large range measurements. The measurement throughput of the contact stylus instru-
ment depends on the traverse speed of the motion stages during the measurement. The
maximum traverse speeds of the state-of-the-art stylus instruments are in the range of
1-3 mm/s [6,7]. The work of Arvithe Davinci et al. [7] indicates that the traverse speed
of the stylus profilometer affects the roughness measurement results significantly. When
the speed is below 500 pm/s, the roughness measurement results are stable. If the speed
is further increased, a sharp variation in the results happens. This points out that an
improvement of the trackability of the stylus at high speed is necessary.

As to the research on more rapid stylus instruments, Morrison developed a prototype
stylus profilometer that can measure with speeds up to 5 mm/s in 1995 [8,9]. Since then,
there was very little progress on developing stylus instruments with higher traverse speeds.
One obstacle to further improving the traverse speed of the stylus lies in the fact that the
stylus probe will lose contact to the surface and thus profile fidelity as it moves over steep
features. No loss of tracking and signal fidelity at high traverse speeds above 10 mm/s is a
hard requirement for stylus probes.

The Physikalisch-Technische Bundesanstalt (PTB) developed a slender piezoresistive
silicon cantilever type microprobe together with the Institute for Semiconductor Technology
of Technical University of Braunschweig and the Forschungsinstitut fiir Mikrosensorik
GmbH (CiS) Erfurt [10-16]. Cantilevers of 5 mm length, 200 um width, 50 um thickness,
and a mass of about 0.1 mg, as shown in Figure 1 were used, which are commercially
available as CAN50-2-5 from the CiS GmbH (https://www.cismst.de/en/loesungen/
mikrotastspitzen/ (accessed on 4 January 2021)). At the free end of the microprobe is
an integrated probing tip with a height of more than 100 um, a cone angle of 40°, and a
radius of about 0.1 pm. The long and sharp tip enables the microprobe for the roughness
measurement on the surface with R, value under 25 um [17].

(b)

Figure 1. The scanning electron microscope images of the microprobe. (a) Sample of 5-mm long

piezoresistive microprobe; (b) integrated silicon tip.

When a force acts vertically on the probing tip, the cantilever is deflected and a full
bridge piezoresistive strain gauge on the cantilever close to its clamping measures the
bending of the cantilever. The microprobe converts the deflection into a voltage output.
The nonlinearity of the conversion influences the measurement accuracy directly. The
nonlinearity between the output voltage variation and the deflection is about 0.3%. The
deflection range of the microprobe is up to 200 pm. It means that the error caused by the
conversion nonlinearity is less than 0.6 pm in measuring a height of 200 pum.

The signal fidelity of the contact stylus probe is influenced by many factors, such as:

1.  The geometrical structure of the probe tip, such as the opening angle and the tip
radius. Inappropriate tip geometry leads to contact positions other than the tip
end and results in measurement deviations from the artifact surface. This is called
tip-sample convolution effect [18].

2. The non-linearity between the probe output signal and the surface variation.
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3. The dynamic behavior of the probe. The probe loses track as it traverses over steep
features if the dynamics of the probe are not high enough.

4. The measurement bandwidth of the probe [19], usually defined by the first free
resonant frequency of the probe.

Among the above factors, the demand on the last two factors, the dynamics and the
measurement bandwidth of the probe, increases with the traverse speed. Hence these
two factors become especially important in high-speed measurements. Compared to the
existing conventional styli (with masses of several mg, the first free resonant frequency in
the order of hundreds of Hz, and a cone angle of either 60° or 90°), the microprobe has a
much lower mass, higher resonant frequency, and a sharper tip. It is suggested that the
microprobe has a high potential for high-speed measurements.

This paper demonstrates the microprobe as a promising stylus probe candidate for
high-speed roughness measurement at 10 mm/s. It is intended to give an uncomplicated
method to evaluate the trackability of the microprobe. The analysis results can be proved
with simple and feasible experiments, and the theoretical analysis and experimental results
will indicate the improvement direction of the microprobe for better performance.

In the following, a theoretical model is proposed to investigate the dynamics of the
microprobe. The steepest feature that the microprobe can measure without loss of tracking
is examined, the resonant frequencies of the microprobes are analyzed and measured, and
proof-of-principle experiments were performed and detailed.

2. Modelling the Dynamic Behavior of the Microprobe

Since the limited tracking fidelity is noticed first at steep features, we investigate the
behavior of the microprobe on artifact surfaces with sharp variations.

The steepest feature that a probe can measure is restricted by the trackability, the tip
form, and the mounting angle of the probe. In this section, we focus on the influence of the
dynamic behavior of the microprobe.

It should be noted that the tip works as a mechanical low pass Gaussian filter and
smoothens the sharp features in contact measurements [20]. If the cantilever tracks all
the frequency components passing through the low pass filter formed by the tip, it can
be considered that the cantilever can track the surface with fidelity. In other words, the
dynamics of the cantilever are high enough for the measurement.

The microprobe is supposed to traverse across a falling edge and tip trajectory is
drawn. The steepest feature on the surface should vary slower than the tip trajectory,
otherwise, the tracking will be lost.

2.1. Theoretical Analysis

It is assumed that the artifact is an ideal step artifact with 90° inclined sidewalls and a
height H, as presented in Figure 2. The falling edge of the top surface is set to be position 0,
the origin of the x-z coordinate system.

8

Figure 2. The deflection of the microprobe changes after passing the starting point of the falling edge
(position 0) of the step artefact.
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The microprobe is mounted with tilt angle 6.

The tip traverses across the artifact surface and moves over the edge of the top surface
(position 0). It loses contact with the surface and the deflection of the cantilever decreases.
In the case the cantilever doesn’t touch the step artifact ground, i.e., under free-flight
condition there is

mz +dz+kz = F,(0) = F(0)cos6 )

where z is the vertical deflection variation of the cantilever, F(0) is the deflection force on
the cantilever at position 0, F; (0) is the vertical component of F(0), k is the spring constant
of the cantilever, and d is its damping factor. In this calculation it is assumed that the whole
mass of the cantilever is concentrated in the tip and m is the effective mass.

The reduced effective mass of the beam my;, = 0.24M, M is the total mass of the beam [21].
The effective mass of the whole cantilever m is the sum of the tip mass m; and the reduced
effective mass of the beam m,:

m= my+my = my +0.2dM 3)

The vertical speed z and the deflection variation z can be calculated by single and
double integration, respectively, of the acceleration:

;= 2(0)+/0tidt @)

z:/OtZdt ®)

where f is the time it takes to move the tip from position 0 to position z, z (0) is the vertical
speed of the microprobe cantilever tip at position 0.
As the top surface of the step feature is flat, the initial condition exists:

2(0) =0 (6)

Based on Equations (2)—(6), the trajectory of the cantilever tip under free-flight con-
dition drawing the deflection variation z at the time t is only determined by the initial
probing force F(0) for a microprobe with the given tilt angle 6.

The angle j, the inclination of the steepest slope that the microprobe can track, is calcu-
lated through analysing the gradient of the tip trajectory Vz(x) under free-flight condition:

B = tan 1 (Vz(x)) 7)

where x is the displacement along the x axis.
In the case with constant traverse speed vy, there is

Vi) = = ®

The steepest slope feature is determined by the ratio of the vertical speed to traverse
speed. With the increment of the traverse speed vy, the feature that the tip can track
becomes less inclined.

The above analysis calculates the steepest slope feature that the microprobe can track.
If the slope is known with angle 7 and the trackability of the microprobe on the slope is
evaluated, the effect of friction should be considered. The friction Fy is calculated by:

Ff = u(F(0)cos® — kz — dz) cos(0 + )/ cos 6 ©)

where y is the coefficient of friction between the microprobe tip and the artifact surface.
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2.2. The Effect of Tip-Sample Convolution

The vertical speed of the tip at the origin is 0, the microprobe tip at this position cannot
track any slope according to Equation (8). However, it does not necessarily mean that the
microprobe will lose track at this position since tip-sample convolution effect should be
taken into consideration.

When the tip traverses across an arbitrary surface, the imaged profile is the convolution
result of the surface with the tip shape, and sharp features are smoothed. The artifact
surface after tip-sample convolution S’ is calculated by [22]

S'=S®TIP (10)

where S is the original artefact surface, and TIP is the tip surface.
It is defined that S = s(x), TIP = tip(u), up < u < ug, and S’=s (x). ug and u; are the
lower and upper limits of abscissa values of the tip outline separately. There is

s'(x) =s(x) — min (tip(u) —s(x+u)) (11)
ug<u<uq
When the artifact surface other than the sampling position touches the tip, or in
other words, when the tip surface other than the tip end touches the artifact surface, the
tip-sample convolution occurs.
If the inclination of the tip trajectory under free-flight condition is larger than that of
an artefact surface after tip-sample convolution, we expect that the tip can track the surface
with fidelity.

2.3. The Dynamic Behavior of the Microprobe with a Silicon Tip

For the microprobe with parameters listed in Table 1, the vertical cantilever tip move-
ment versus time calculated using Equation (5) are drawn in Figure 3a with four different
initial probing forces 32 uN, 64 uN, 96 uN, and 130 uN. It indicates that the larger the initial
probing force is, the faster the tip drops and the larger the measurement range is. It costs
0.1 milliseconds for the tip dropping from z = 0 um to z = —2 um if the initial probing force
is 32 uIN. The time is reduced to 0.04 milliseconds if the initial probing force is increased to
130 uN.

In the following, the trackability of the microprobe is investigated with respect to step
features with 30° and 70° inclined sidewalls.

First, the tip-sample convolution effect is simulated as shown in Figure 3b. The sur-
faces are convoluted according to Equation (11) by the tip with the radius of 0.1 pum, the
nominal radius of the microprobe silicon tip.

The tip trajectories under free-flight condition at the traverse speed of 20 um/s,
10 mm/s, and 50 mm/s, calculated using Equation (5) are drawn in Figure 3c. The initial
probing force is 96 uN. The slopes with 30° and 70° inclinations after tip convolution are
also depicted for comparison. At the traverse speed of 10 mm/s, the tip trajectory falls
more rapidly than both slopes, which means that the probe can track both slopes with
signal fidelity. When the traverse speed is further increased to 50 mm/s, the tip trajectory
falls slower even than the convoluted 30° slope at the falling edge and the probe loses track,
which means the microprobe has no capability to track slopes >30° at a traverse speed of
50 mm/s, applying a probing force of 96 uN.

The steepest slope that the microprobe can track, only considering the dynamic
behavior, is presented in Figure 3d. The slope inclination increases rapidly from 0° at the
start position. Then it keeps relatively constant and begins to decrease when the cantilever
comes close to its deflection-free position. Since tip convolution smoothens sharp features,
the moderate gradient at the starting point of the tip trajectory does not restrict mapping
the surface feature if an appropriate initial probing force is selected. These curves help us
to select the appropriate probing force if rough information about the surface is available.
For example, with a traverse speed of 10 mm/s, an initial probing force of 96 uN is needed

73



Sensors 2021, 21, 1557

to track slope features with a height of 9 um and an inclination of 70°. The initial probing
force can be decreased to 32 uN for features of 3 pm height and an inclination of 30°.
From the above analysis, it can be concluded that the 5 mm long silicon microprobe
has high dynamics and can track steep features with inclination variations up to 70° at
traverse speeds up to 10 mm/s.
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Figure 3. The dynamic behavior of the microprobe with a silicon tip. (a) The trajectory of the microprobe tip of the
CANb50-2-5 drawing z with time under the condition of different initial probing forces; (b) The slope features before and
after the tip convolution; (c) comparison of the tip trajectories and the slope features; (d) the steepest slope inclinations that

the microprobe can track at the traverse speed of 10 mm/s.

2.4. The dynamic Behavior of the Microprobe with a Diamond Tip

Since undesired silicon tip abrasion exists in measurements, a diamond tip with a tip
radius of 2 um was glued to the microprobe to replace the silicon tip, as defined in DIN EN
ISO 4288 [4]. The half opening angle of the diamond tip is about 45°, as shown in Figure 4.
Limited by the half opening angle, the inclination of the slope feature that can be measured
by the microprobe with the diamond tip is smaller than 45°.
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100x 5KV 153mm = 200 pm -

Figure 4. The microprobe with a glued 210 um high diamond tip.

With a height of about 210 um and the base area of about 5 x 100 ymz, the mass of the
conical diamond tip is about 0.012 mg. The effective mass of the cantilever is increased to
0.036 mg (from 0.024 mg for the cantilever with silicon tip) and the dynamic performance
of the microprobe is thus decreased. However, the surface variation after tip-sample
convolution is moderated stronger by the 2 pm-radius tip than the 0.1 um-radius silicon tip
since the “cut-off” wavelength A; of the low-pass Gaussian filter formed by the 2 um-radius
diamond tip is longer according to

At = 2mVAR (12)

where R is the tip radius and A is the amplitude of the surface feature.

In consequence, the microprobe with the diamond tip can track the 45° slope at a
traverse speed of 10 mm/s with an initial probing force of 96 uN, as calculated using
Equation (5) and shown in Figure 5.

---Tip trajectory, 20 um/s

O— \ ---Tip trajectory, 10 mm/s
\ —30° slope after tip convolution
\ —45° slope after tip convolution
0.2 i
E04- ..".
2 \
N ;
0.6 i
0.8-

N 15 2 25
X [um]
Figure 5. The trajectory of the microprobe with a diamond tip at different traverse speeds, with an
initial probing force of 96 uN.
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Table 1. Nominal parameters of the microprobe used to calculate the cantilever tip trajectories in

Figures 3 and 5.

Nominal Parameters Symbol Value
Length L 5mm

Width w 200 pm

Thickness b 50 um

cross-section area A=wb 1078 m?

Density 0 2330 kg/m?
Mass of the cantilever M = pLwb 0.1mg
Mass of the tip my 0.15 pg for the silicon tip of the CAN50-2-5

0.012 mg for the diamond tip
20° for the silicon tip of the CAN50-2-5
45° for the diamond tip
0.024 mg for the CAN50-2-5

Half opening angle of the tip

effective mass of the cantilever " 0.036 mg for the cantilever with a diamond tip
Spring constant k 8.45N/m
Damping factor d 0.001
Young’s modulus E 169 GPa
Area moment of inertia I, = % 2.093 x 10718 m*
Tilt angle 0 15°

3. Frequency Response of the Microprobes

The frequency response of a probe is important since it is a decisive factor in the
measurement bandwidth of the probe. The demand on the measurement bandwidth of the
probe increases linearly with the traverse speed because the frequency f exerted to the tip
by the surface structure increases with the traverse speed vy as given by

0

X
f== (13)
where A is the spatial wavelength of the structure.

Not only the frequency response of the microprobe without contact to a surface,
but more important the frequency response of the probe in contact to a surface should
be known.

Neglecting the mass of the probing tip the fundamental resonant frequency of a
cantilever with an approximately rectangular shape and without a tip at its free end [23]

can be calculated by

1758 [EI,

Using the parameters listed in Table 1, the resonant frequency of the CAN50-2-5
microprobe is calculated to be fy = 2.8 kHz. The frequency of the microprobe with an
integrated silicon tip used in the measurement was measured to be about f, = 3.2 kHz,
slightly higher than its nominal value, which is assigned to deviations from the nominal
dimensions due to fabrication tolerances of the CAN50-2-5. Due to the effect of the added
tip mass, a lower resonant frequency of fy = 2.2 kHz was measured with the microprobe
with the diamond tip.

The contact resonant frequency of a probe is influenced by many factors, such as the
tip radius, the artifact material, and the probing force. The first contact resonant frequency
fc of a probe can be roughly estimated to be about three to five times of its first free resonant
frequency fp.

If the “cut-off” spatial wavelength is A; = 1 um, the contact resonant frequency of
the probe is demanded to be above f. = 10 kHz for the traverse speed of v, = 10 mm/s
according to Equation (13). This is just a rough estimation and not a hard criterion. The
microprobe with a silicon tip (f- = 9.6 to 16 kHz) may meet this requirement while the
microprobe with a diamond tip (f. = 6.6 to 11 kHz) possibly does not.
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4. Experiment Results
4.1. “Tip Flight” Test

“Tip flight” tests (see Figure 6) were performed on flat smooth surfaces of a step
artifact to prove the trackability of the microprobes. The idea was to measure with the
microprobes across sloped features with different traverse speeds. To characterize tip flight,
a normalized flight width was defined, which is the ratio of the flight width to the step
structure height. It was used as a measure to evaluate the dynamics of the microprobes in
comparison with the modeling described in Section 2 quantitatively.

Traverse speed
. . 2
'T[p

Height

Flight width
Figure 6. The tip flight test to measure the dynamic behavior of the microprobe.

The test was carried out with the instrument Profilscanner, a self-developed pro-
filer at PTB [24-26]. The microprobe is glued and bonded on a microprobe holder and
mounted on the tip scanning head of the Profilscanner which consists of an XYZ piezo
stage (PI, model P-628.2CD for XY axes and P-622.ZCD for Z-axis) with a motion range of
800 um x 800 pm x 250 um (X x Y x Z).

Whether the XY stage can move steadily at the defined traverse speed influences the
test results. The moving speeds of the XY piezo stage were measured before the ‘flight test’
with laser interferometers and the result proves that the XY piezo stage moves steadily at a
speed up to 10 mm/s.

4.2. Artifacts and the Test Results

Two artifacts were used in the test. Artifact A is diamond turned from Cu and then
coated with 15 pum Ni and 5 um Cr on top (see Figure 7a). The nominal height is 10 um and
the slope inclination is about 30°. The nominal height of artifact B (see Figure 7b) is also
10 um, but the slope inclination is 90°. It is made of steel. Because of the manufacturing
tolerances, the edges of the top surface of artifact B are somewhat protruding.

Figure 8 shows the measured profiles by the CAN50-2-5 microprobe with the inte-
grated silicon tip traversing across the artifacts with speeds of 20 um/s, 5 mm/s, and
10 mm /s respectively. The initial probing forces are 96 uN for artifact A and 130 uN for
artifact B. The measured heights of both artifacts significantly deviate from the nominal
values given by the manufacturer. Since the height of artifact B is about 14 pm the static
probing force needed to be increased to end up with the tip in contact with the ground
surface of the artifact. Because of the influence of the mounting tilt angle (8 = 15°) and
the half opening angle of the tip (20°), the measured slope angle of the artifact B is about
55° instead of 90°. For both sloped artifacts, A and B, the profiles acquired at different
traverse speeds agree well and flight widths are zero. This result proves the high fidelity of
the measured profiles related to the fast-responding dynamics of the microprobe with a
silicon tip.
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Figure 7. Artifacts used in "tip flight” test. (a) artifact A; (b) artifact B. The artifacts aren’t drawn to scale.

The tip flight test was repeated with the microprobe with a diamond tip. Since the
mounting tilt angle (6 = 15°) and the half opening angle of the diamond tip (45°) leads to
that the inclination that the diamond tip can measure is no more than 30°, only artifact A
was measured with the microprobe with a diamond tip. Again, an initial static probing
force of 96 uN was used. As shown in Figure 9, the tip flight widths at different traverse
speeds again were zero. This indicates the dynamics of the microprobe with the diamond
tip is good enough for measuring the slope of 30° inclination up to traverse speeds of
10 mm/s, confirming the theoretical model developed above. However, the tip vibrated
during the measurements on the artifact surface at the higher speeds of 5 mm/s and
10 mm/s. It means that the resonant response of the microprobe with the diamond tip is
not high enough for such high-speed measurements. The bandwidth of the microprobe
with the diamond tip will have to be improved by increasing the stiffness or decreasing the
mass of the tip.
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Figure 8. Measured profiles with the CAN50-2-5 microprobe with integrated silicon tip. (a) Measured
profiles on artifact A (30° inclined sidewall) with an initial static probing force of 96 uN, at different
traverse speeds; (b) Measured profiles on artifact B (90° inclined sidewall) with an initial static
probing force of 130 uN, at different traverse speeds.
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Figure 9. Measured profiles on artifact A using the microprobe with diamond tip with an initial static
probing force of 96 uN, at different traverse speeds.
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The “tip flight” test results demonstrate that the dynamics of both microprobes are
high enough for the measurements at the speed of 10 mm/s, but the bandwidth of the
microprobe with a diamond tip should be raised to meet the demand of trackability.

In the next step of our work, we will decrease the length of the microprobe to increase
the resonance frequency and investigate the trackability further.

5. Summary

To investigate the trackability of piezoresistive silicon microprobes for high-speed
surface roughness measurements, a theoretical dynamic model was derived to examine
the dynamics of the microprobes. The resonant response of the microprobes was analyzed
and tip-flight tests were performed. Both the theoretical analysis and the experimental
results prove that the microprobes with integrated silicon tip have the capability of tracking
surfaces with high fidelity up to traverse speeds of 10 mm/s. However, the resonant
response of a microprobe with a glued diamond tip of 90° opening angle will have to be
improved to fulfill the demands of high-speed roughness measurements.
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Abstract: A microcantilever is a suspended micro-scale beam structure supported at one end which
can bend and/or vibrate when subjected to a load. Microcantilevers are one of the most funda-
mental miniaturized devices used in microelectromechanical systems and are ubiquitous in sensing,
imaging, time reference, and biological/biomedical applications. They are typically built using
micro and nanofabrication techniques derived from the microelectronics industry and can involve
microelectronics-related materials, polymeric materials, and biological materials. This work presents
a comprehensive review of the rich dynamical response of a microcantilever and how it has been
used for measuring the mass and rheological properties of Newtonian/non-Newtonian fluids in real
time, in ever-decreasing space and time scales, and with unprecedented resolution.

Keywords: microcantilever; mass sensing; rheology sensing; noise; non-Newtonian viscoelastic fluids

1. Introduction

Fluids play a key role in many sensing applications based on microelectromechanical
systems (MEMS), being either the substance to be tested (when measuring rheological
properties) or the support environment used to keep the substance of interest in its native
or physiological state (when detecting proteins, DNA, or other analytes in a solution).
The understanding of the interaction of the sensor with the surrounding medium is a key
topic in the process of measuring the mass of analytes with extremely high—potentially
single-molecule—accuracy, and when using MEMS sensors to study the rheology of simple
and complex fluids. Such wide sensing applications span the fields of the food and process
industry, environmental monitoring, healthcare, microfluidics, and others. Several of these
problems still do not have an adequate solution, but huge progress has been made in the
last two decades by exploiting microcantilevers, miniaturized beams supported at one end.
Microcantilevers are a traditional but crucial MEMS design used for sensing, imaging, and
time-keeping applications.

This paper presents a thorough review of how the complex dynamical response
of the microcantilever excited by a periodic force and interacting with the surrounding
environment can be used for mass and rheological sensing. Some examples of the latest and
more significant results are provided, and the physical principles behind the applications
are discussed. The work is organized as follows. In Section 2, the mechanics and dynamical
response of the microcantilever are presented. The goal is to set the theoretical framework,
consisting of some classical models, to determine the resonance frequencies and quality
factors of each resonant mode in different media, which will be used throughout the rest of
the work. Section 3 contains a discussion of the mechanisms used to excite the dynamical
response of the probe, including open and closed-loop schemes typically found in sensing
applications. Particular focus is dedicated to feedback loops, which have shown significant
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promise and exciting new results in recent years, by providing relevant examples that are
currently being developed and studied to improve the performance of microcantilever-
based sensors. A thorough discussion of noise measurements and mechanisms follows.
This aspect is often overlooked in the literature, but it is a fundamental feature to consider
when designing a sensor. Section 4 is dedicated to discussing the principle of mass sensing,
sensitivities, and limits of detection and shows some examples of recent major achievements
in this area. Finally, in Section 5 it is shown how the microcantilever can be used as a
rheological sensor to measure the properties of Newtonian and non-Newtonian fluids
in real time. Section 6 summarizes current open challenges and presents an outlook on
future opportunities for microcantilever-based rheology and mass sensors with the aim of
stimulating further research in this field.

2. Cantilever Mechanics and Dynamical Response
2.1. Euler—Bernoulli Beam

The flexural vibration of a thin uniform beam can be described by the well-known
Euler-Bernoulli beam theory. This model is based on four main assumptions: (i) cantilever
aspect ratios L/w and L/h are large (L > w, h), (ii) deflections are small when compared
to the beam dimensions, (iii) the cantilever material is linear elastic and homogeneous,
and (iv) no dissipation occurs during deformation. The schematic of such a cantilever
subjected to an external force per unit length g(x, t) is shown in Figure 1a. The external
load is responsible for the existence of shear forces F; and bending moments M, that act
on each element of the beam of infinitesimal length dx, as shown in Figure 1b.

b)

F,

9 F, +dF,

Figure 1. (a) Schematic of a cantilever beam of length L, width w, and thickness h. The cantilever is subjected to a distributed

time-changing load per unit length, g(x, ); (b) longitudinal cross section of an infinitesimal element dx of the same cantilever

(red part highlighted in (a)), where the shear forces and bending moments act.

Balancing the forces (z-direction) and the bending moments (y-direction) acting on
each infinitesimal element of the device and neglecting higher order terms leads to the
following equations (see Figure 1b) [1,2]:

2 PW (xt

{ F. +dF, — F. +q(x, t)dx = pAdx 2000 N { Pt 4 q(i}\? = pAZ LA )
My—f—dMy—My—dex—i—q(x,t)dx%x =0 = =F

where W(x, t) is the time-varying deflection at a distance x from the support; F, and M,

are the shear forces and bending moments, respectively, acting on the element of the beam;

p is the density of the structural material; A = wh is the beam cross section; and g(x, t) is a

general distributed load per unit length. Merging the two equations yields:

d>M,
dx2

0°W(x,t)

Y 2

+q(x,t) = pA
Upon the bending of the beam, the length of the neutral plane is given by | = Rd0,

with R and d6 the curvature radius and span angle of the bent beam, respectively. The strain

at the planes above and below the neutral plane is given by ¢, = % = w#w = £.

Given that the material is elastic, the stress in the x-direction can then be calculated as
ox = Eey = E%, with E indicating the Young’s modulus of the material [2].
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The bending moment around the y-axis, My, created by the tension forces in x-
direction, dFy = 0xdA = E%dydz, applied to a distance z from the neutral plane, is given by:

E

M, = / dM, = / — 22, x dFye) = / —zzgdydz ==L, 3)

where I, = [ %52 Zé 52 z2dydz is the second moment of area of the cross section (for

standard rectangular microcantilevers I, = wl—gS). Finally, for small curvatures the radius of

2
the curvature can be approximated by % = avgix(f’t)

can be expressed as:

[2], and therefore the bending moment

*W(x,t)
T @

Substituting Equation (4) into Equation (2) results in a differential equation usually
known as the Euler-Bernoulli beam equation [1-3]:

M, = —EL

4 2
Iza W(x,t) —|—pAa W(x,t)

E ox4 ot2

=q(x1). ®)

A general solution of this equation is obtained by performing a modal decomposition—
i.e., by considering the microcantilever response as the linear superposition of simple
vibrational modes. The first step in this process is to extract the natural resonance frequency
and shape of each vibrational mode, assuming zero external forces—i.e., g(x, t) = 0.

It is assumed that the deflection at any point of the beam varies harmonically with
time, so the general solution for each mode can be separated into a temporal term, §(t),
and a spatial term, ®(x). The ansatz for the temporal term is a harmonic oscillation with
natural angular frequency wy,, where the index n describes the resonant mode, such as
Pu(t) = e/“ort. Therefore, the general solution of each individual mode can be written
as [4]:

Wa(x,£) = () ()- ®)

Inserting the solution of Equation (6) into Equation (5) and rearranging the terms gives:

d‘®,
T — v, (x), 7)

2
with g} = (%) . The solution to Equation (7) provides the spatial term of Equation (6):

D, (x) = 1 cos(Bnx) + casin(Bnx) + c3 cosh(Brpx) + cq4 sinh(B,x). 8)

Different boundary conditions are associated with each type of end constraints of the
microresonator. For the particular case of the suspended cantilever considered in this paper,
the boundary conditions reflect the fact that the displacement, ®(x), and slope, dq;SCx) , must
be zero at the clamped end (x = 0), while the bending moment, My, and shear force, F;,

are zero at the free-end (x = L) [1-4]—i.e.:

®(0) =0, (9a)
d®(0)
and i 0, (9b)
2P (L
M, =EL ax(2 ) _ 0, (9¢)
3PP(L
and F, = EI, E)x(?’ ) =0. (9d)
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Imposing these four boundary conditions on Equation (8) results in a homogeneous
system of four equations. Nontrivial solutions are obtained when the determinant of the
matrix of the coefficients of these equations vanishes, which corresponds to the condition:

cos(BuL) cosh(B,L) +1=0. (10)

Equation (10) can be numerically solved and the first consecutive roots (f,L) calcu-
lated, as shown in Figure 2a. Indicatively, (B1L) = 1.875, (B2L) = 4.694, (B3L) = 7.855,
(B4L) = 10.996, etc. The condition expressed in Equation (10) can be asymptotically approx-

imated by cos(B,L) = 0, with solutions given by B,L = (n - %) m,withn=1,2,3,4,...

also shown in Figure 2a [2,4].

a) . - N b) 2 - 2
— COS( L) — = 1
4 1 1) coshiz L) + 1 SH r=2 i
. .co.st_ n ) coshf. g J 4 1 S o~ .'..!
=== n=a 7N F
!
05 'f \ |
\ e
_ 05 ! \ A |
) ] \ AN |
0 fones R - B v
\ e e ] 1
-0.5
-1t

xIL

Figure 2. (a) Plot of Equation (10) (orange line), whose first four solutions L (indicated in the text)
are the crossings with zero. The blue line shows the asymptotic approximation cos(B,L) = 0, which
can be solved analytically, and that agrees with the numerical solution for n > 2; (b) mode shapes of

the first four flexural modes of a cantilever.

The system of equations obtained from imposing the boundary conditions (Equa-

tion (9a)—(9d)) in Equation (8) is solved for the constants c; 5 3 4. It is found that ¢; = —c3,
¢y = —c4, and g—f = ::)r;gg:é;:g;}}ll((%ili)) For each particular value of B, L, the spatial solu-

tion, referred to as the flexural mode shape, is obtained by substituting these results into
Equation (8) [4]:

1 <cos(,3nx) — cosh(Bux) + sin(BnL) —sinh(pal) (sin(Bnx) — sinh(,an))>, (11)

cos(BnL) + cosh(B,L)

where ¢; remains undefined until an external force is applied. These modal shapes are
shown in Figure 2b for a generic ¢;. Note how the number of nodes and the slope near the

base of the cantilever increase with the mode number 7.
The natural angular resonance frequency of each mode, wy ,, can then be calculated

using the respective B}, thus obtaining:

Won = ﬁn H EIZ ﬁn “ 12 (12)

Finally, the complete solution of Equation (6) is [4]:

Wy (x, t) = ayeont (cos(ﬁnx) — cosh(Bux) + sin(pyL) — sinh(puL) (sin(Bnx) — sinh(ﬁnx))). (13)

cos(BuL) + cosh(B,L)

The Euler—Bernoulli beam model only accounts for free vibrations of undamped
cantilevers. The free vibrations and mode shapes of clamped-clamped or supported beams
can also be predicted using the Euler-Bernoulli model by replacing Equation (9) with
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the appropriate boundary conditions [1,4]. In addition, more complex continuous beam
equations have been developed, which include the effects of rotary inertia and shear
deformation [1] or the effect of axial tensile or compressive forces [1,2]. However, these
models are seldomly used in sensing applications and therefore fall outside the scope of
this review.

2.2. Harmonic Oscillations with a Single Degree of Freedom

Although a microcantilever is a continuous system with infinite degrees of freedom, its
dynamical response can be accurately described by a single degree of freedom, given that
in most applications a specific resonant mode dominates. In fact, these simplified models
allow us to extract some useful information from the vibrations, such as the amplitude
response and energy dissipation mechanisms, beyond what is provided by the more
complex Euler-Bernoulli model. This section presents the theoretical background of the
harmonic oscillator models.

2.2.1. Simple Harmonic Oscillator

The simplest possible model for describing the oscillatory motion of the cantilever is
the undamped free oscillator. In this case, it is assumed that the cantilever is represented by
an effective mass, m.¢, connected to a linear elastic spring with stiffness k¢, whose potential

energy is given by U(z) = %keffzz, where z is the displacement from the equilibrium
position z = 0. By using the restitutive force of this spring, F = — d"égz) = —kegfz within

Newton’s law F = megz(t), one gets the following equation of motion [3,5]:
megZ(t) + kef 2(t) = 0, (14)

where the dots represent the time derivative. The solution of this second-order differential
equation has the form of an oscillatory motion, described by z(t) = Age!(“!*%), with A,
and ¢ being the amplitude and phase of the motion, respectively, and w being its frequency.
Substituting this solution into Equation (14), one gets the expression for the (angular)
natural resonance frequency (for each mode):

ket
=== 15
wo Meff (15)

This is the natural resonance frequency of the cantilever when it vibrates freely in vac-
uum, and it is equivalent to the resonance frequency calculated using the Euler-Bernoulli
beam theory presented in Equation (12). A classical result from structural mechanics is that

the effective stiffness of the cantilever is given by keg = %’f [2]. This indicates that each
resonant flexural mode predicted by the Euler-Bernoulli model can be described by an
equivalent harmonic oscillator with a different m¢. Therefore, by comparing Equation (15)
with Equation (12), one can obtain the equivalent mass of each resonant mode in the limit
of small damping (cantilevers vibrating in vacuum or air, for example):

_ 3phbL _3me
Meff,n = (ﬁnL)4 (ﬁnL)4, (16)

where m. = pLhw is the total mass of the cantilever. Considering, for example, the
fundamental resonance mode, where 31 L = 1.875 (see Figure 2a), one gets mqgr1 = 0.24m,,
as confirmed elsewhere [6,7].

2.2.2. Forced Damped Harmonic Oscillator

By introducing an intrinsic damping coefficient ¢ and an external driving force Fj,;y, (¢)
in Equation (14), the equation of motion becomes [3,5]:

Megz(t) + cz(t) + kegz(t) = Farive(t)- (17)
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Using Equation (15), defining a parameter y = ;= = 4}, where Q = €0 is called

the quality factor and depends on the damping of the system, and assuming a periodic
force Fj v (t) = Foe'“!, Equation (17) is written as:

5(8) + 72 (t) + @Rz (t) = S0 gt (18)
Meft

A steady-state harmonic solution is given by z(t) = Age/(“!*%), with Ay being the
amplitude of the motion and ¢ being the phase between the applied external force and the
induced motion. Substituting such ansatz into Equation (18) yields:

Fo

(—w2 + wo? + iyw) = Aom ffe‘i‘/’. (19)
(S

After separating the real and imaginary parts, the following system is obtained:

{ Wt — W? = ?Of%eff cos(¢) (a) / 20)
—VW = Ao sin(¢) (b)
which can be solved to get:
Ay = Fo/megt , (21a)
\/(w02 — P (e’
¢ = atan <_Q(a)(:20(j wz) ) (21b)

Equation (21a) gives the amplitude response of the cantilever, whereas Equation (21b)
represents the phase between the driving force and the motion of the cantilever. The
amplitude and phase curves of microcantilevers with different values of Q are shown in

Figure 3.
by 0 _—
a) — =3 ) — ) = 3
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Figure 3. (a) Amplitude and (b) phase responses as function of the normalized excitation
frequency of a forced and damped harmonic oscillator. Four different levels of damping
(Q) are considered, typically encountered in microcantilevers vibrating in air or liquid
mediums.

If the intrinsic damping coefficient ¢ tends to zero, then the quality factor Q tends to
infinite. In this case, the second term under the square root in Equation (21a) is negligible,
and the maximum of the amplitude response will occur at the natural frequency—that
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is, at w = wy. Conversely, when ¢ increases, Q decreases and the amplitude response of
the beam shifts to the left, with the peak of maximum amplitude occurring at a frequency
lower than wy. The maximum amplitude can be obtained by solving % = 0, which gives
the resonance frequency of intrinsically damped vibrations.

/ 1
Wyres = (UO 1 - @ (22)

As observed in Figure 3, low Qs decrease the peak amplitude, broadening the peak
and shifting the maximum of the curve towards lower values. An even more pronounced
shift occurs when the cantilever oscillates in damped environments, such as in the case of
liquids, as will be discussed in the next section. The motion of the microcantilever is in
phase with the drive force before the resonance, but lags 90° behind at the resonance point,
and 180° after resonance. Low values of Q result in a wider linear region of phase change
around the natural frequency. The phase of the resonator is of particular importance when
closed-loop excitation systems are used, as will be discussed in Section 3.

The physical definition of Q is the ratio of the energies stored, E', and dissipated,
AE", in the resonator, both averaged per oscillation cycle, at the resonance frequency [5],
Q= 27‘[%. Q can be assessed experimentally from the amplitude response of the
resonator using the bandwidth method by the expression:

Wres Wres
- 7
Aw_zgp (w2 —w1)_34p

Q=

(23)

where wyes corresponds to the maximum of the amplitude curve (Equation (22)), and
Aw_3;p is the bandwidth at 3 dB below the maximum amplitude. In practice, measuring
Aw_34p corresponds to determining the frequencies of the two points, w, and w1, at half
the power (3 dB or 70.7%) of the maximum of the amplitude response.

2.2.3. General One-Degree-of-Freedom Equation of Motion for Microcantilevers

Despite the usefulness of the simple models discussed above, these are still of limited
applicability to describe the complete dynamical response of a microcantilever in most ap-
plications. In fact, for sensing applications very often additional terms must be considered
according to the excitation strategy used, the type of samples to be tested, or the properties
of the surrounding fluid. A more general one-degree-of-freedom equation of motion can
then be introduced as:

B4 Pi+ @Bl + Acos(Qt+ @)z + 2+ L2+ oL (227 4 2%2) =

> 5 (24)
ﬁ [Fd”m’(t) + Finteraction (Z/ Z,Z,.. )} ,

where z represents the displacement of the microcantilever, m,¢ is the effective mass, «
is the nonlinear spring constant (also known as the Duffing parameter [8,9]), 1 is the
coefficient of nonlinear damping, ¢ is the coefficient of nonlinear inertia [10,11], Fj,.(f) is a
general external drive signal, i teraction (z, Z,Z,.. ) is a general interaction force between the
cantilever and the surrounding environment, and A cos(Qf 4+ ®) is a function (proportional
to the displacement of the beam) that is used to modulate the spring constant at frequency
), phase @ (with respect to the drive force) and gain A. Equation (24) is capable of
describing distinct sources of non-linearities and different types of possible excitation
mechanisms and external forces, and is applicable to any vibrational mode by using the
respective effective mass and natural resonance frequency. This general equation can be
used to describe rich and complex dynamics of the vibrating beam [4,12-17] across a wide
variety of sensing applications, as will be discussed in more detail in the following sections.
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2.3. Operation in Dissipative Fluids

To theoretically describe a cantilever beam moving in a fluid, Equation (5) is used and
the general distributed load g(x, t) is substituted with a driving force to excite the motion
of the beam and a hydrodynamic load induced by the fluid [18]:

FW(x,t)  IW(xt PW(x, t
EL aJ(C4 ) T Egt ) +mo aiz ) = Fdrive(xl t) +thdm(x, t). (25)

Compared to Equation (5), the dissipative intrinsic viscous term per unit length,
cop = ¢/ L, was also introduced and my = pA = pwh is the mass of the cantilever per unit
length.

Usually, the hydrodynamic load is decomposed into two terms: a pressure drag
(inertial term, proportional to the acceleration) and a viscous drag (dissipative term, pro-
portional to the velocity) [18]—i.e.,

W (x, t oW (x,t
thdro(x/t) = —ma at(z ) —Cy a(t )/ (26)

where m 4 is an added mass and cy an added damping coefficient, both expressed per unit
length. Equation (25) can then be re-written as:

oW (x,t)
ot

?°W(x,t)

+ (mo + mA)T = Firive(x, t). (27)

4
EL 0*W(x, t)

P (co+cv)

In [19], Sader solved Equation (27) analytically and showed that, in the limit of small
dissipative effects (i.e., for Q, > 1), the resonance frequency of the extrinsically damped
vibrations in fluid with added mass and added damping (m4 and cy), wgr,, and the
respective quality factor, Q,;, of each mode of the cantilever are given by [20]:

1
-2
WRn _ (1 n mA) , (282)

Q= —"r"""-" (28b)
where wy,s , is the resonance frequency of each mode for intrinsically damped vibrations,
calculated by Equation (22). Furthermore, Sader also showed that the amplitude response
of each mode is given by [19]:

) o\ —1/2
X ((wR,n2 - wz) - (w;(;w) > , (29)

with X being a normalized amplitude. Equation (29) is readily identified as the amplitude
response of the forced damped harmonic oscillator, as given by Equation (21a).

In summary, provided the dissipation is low; Q;, >> 1; and, therefore, the resonant
modes do not overlap, each resonant mode of a cantilever vibrating in liquid can be
described by the harmonic oscillator model, with a resonance frequency wrg , and a quality
factor Q.

The added mass, m 4, and added viscous damping coefficient, cy, can be analytically
calculated as functions of the properties of the liquid. This is done by solving the incom-
pressible Navier-Stokes equations [21] and determining the velocity and pressure fields in
the moving fluid that create a hydrodynamic load, I'(w), acting on the oscillating beam
(see [22,23] for cantilevers with circular and rectangular cross sections, respectively).

The hydrodynamic load I'(w) = I'(w) +iI”(w) is a dimensionless function that
contains inertial (real part, added mass) and dissipative (imaginary part, viscous damping)
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terms. For example, the added mass and viscous damping acting on a rectangular cantilever
are described by [19,20]:

U
my = prwZFrect’(w), (30a)

7T
cy = prwzwl"rect” (CU), (30b)

where I'yet/ (w) and Treet” (w) are the real and imaginary parts of the hydrodynamic load

acting on a cantilever with rectangular cross section, I're: (w), which is a function of the

1Y fwwz
4

Reynolds number Re = , with p; and 7 being the density and viscosity of the fluid,
respectively.

Since it is not trivial to calculate T'y.¢(w) analytically (see [23] for details), Sader
used the strategy of correcting the hydrodynamic load calculated by Chen for a cylindri-
cal cantilever, I'.;,.(w) [22], with an empirical function Q(w), in the form of T'yet (w) =
Q(w)T e (w), to match the analytical results for I'yeet (w) of Tuck [23]. Although treatable,
Sader’s correction function is still lengthy and numerical [19].

In a subsequent work, Maali et al. [20] further simplified the problem, by using
simple polynomials to fit the real and imaginary parts of Sader’s solution for I'yect (w), thus
obtaining the analytical expressions:

) a 2
Crect’ (w) = ay + aza =a;+ zj\/prw’ (31a)
2 2
Trect” (w) = blé + b2 <5> = bfl 2717 + Zi <b2> ’ (31b)
w w w\ pfw  prw \w

where § = é—”w is the thickness of the layer surrounding the cantilever in which the

velocity of the fluid drops by a factor of 1/e and a; = 1.0553, a; = 3.7997, b; = 3.8018,
and b, = 2.7364. These expressions are valid for Reynolds numbers ranging between 1
and 1000 [20], which are the typical values for most of the microcantilever-based sensing
applications, and can be applied for the first resonance modes. Equations (28)—(31) can
be used in conjunction to obtain the dependence between the resonance frequency and
quality factor of the resonant mode n and the rheological properties of the fluid, as will be
shown in Section 5.

The results discussed in this section for the flexural oscillations of a microcantilever
immersed in viscous fluids were experimentally validated in [24] and then extended to
model torsional vibrations of the cantilever in [25], which can also be used in applications
such as atomic force microscopy (AFM). The effect of a nearby wall on the frequency re-
sponse of flexural and torsional oscillations of a cantilever immersed in viscous fluids was
studied in [26]. Exact analytical solutions of the three-dimensional flow field and hydrody-
namical load were presented, for the general case of a thin-blade (cantilever) performing
flexural and torsional oscillations in viscous fluids, by Van Eysden and Sader [27]. These
analytical calculations for the three-dimensional hydrodynamical load were subsequently
incorporated in the initial analysis of flexural [19] and torsional [25] oscillations and used
for the general case of arbitrary mode orders [28].

3. Excitation Schemes and Noise
3.1. Excitation Strategies

Dynamic sensing applications, especially when operating fluids, require an external
force to induce vibrations of measurable amplitude and acceptable levels of signal-to-noise
ratio. To maximize the efficiency of excitation, an external force must be applied at different
frequencies corresponding to the microcantilevers resonant modes. This actuation is typically
accomplished by using electrical, thermal, or acoustic actuation techniques [29]. Regardless
of the physical mechanism used to generate the driving force (Fj,;,, in Equation (24)), the
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excitation strategy can be broadly divided into two families, according to the way Fy,;y, is
applied and tuned. These two methodologies, namely “external excitation” and “feedback
excitation” are briefly reviewed below.

3.1.1. External or Open-Loop Excitation Mechanisms

Traditional dynamic sensing applications are based on the assumption that the can-
tilever response can be well approximated by a single degree of freedom harmonic os-
cillator, as shown in Section 2.2.2. The adsorption of analytes on the sensor surface (for
mass sensing application) and/or changes in the properties of the surrounding fluid (for
rheology sensors) induce a shift in the natural frequency wg and, potentially, a change in
the quality factor Q as well. Such changes can be experimentally measured by performing
frequency sweeps of the excitation force applied to the microcantilever and recording the
corresponding amplitude response at each frequency, ideally recovering the theoretical
curves shown in Figure 3. Such excitation mode is denoted as “open-loop” or “external”,
as the force applied to the cantilever is entirely controlled by the user, without feeding back
any information from the cantilever response.

Most commonly, the excitation force is generated by a piezoelectric actuator embedded
in the cantilever support which can set it into oscillation by creating an acoustic wave that
propagates through the substrate materials. When the frequency of such wave matches (or
is reasonably close to) the resonance frequency of the cantilever, the oscillation amplitude
can be significant and detectable for measurements (as described in Section 2). This setup is
the most commonly used for imaging and sensing in air or a vacuum, due to its simplicity
and ease of operation. However, it presents major drawbacks for sensing applications in
dissipative fluids. Indeed, most of the dynamic sensing applications are based on detecting
small changes in the resonance frequency of the probe (see Sections 4 and 5), measured
by performing frequency sweeps with the excitation force and detecting the maximum
amplitude of the cantilever deflection. However, the forces acting on the cantilever by
the surrounding fluid dramatically increase the amount of dissipation, as explained in
Section 2.3, and therefore the Q factor of the resonant response is low (around 10 or below).
As shown in Figure 3, in this condition the peak in the amplitude response is not very
pronounced, making it difficult to: (i) tune the frequency of the excitation force to match
the resonance and (ii) detect small changes in the resonance frequency itself induced by
changes in the properties of the fluid. Even worse, a typical response of an acoustically
excited cantilever suffers from the well-known “forest of peaks” phenomenon, where
several spurious peaks appear in the amplitude response due to mode coupling with
oscillations in the fluid and in the sample holder [30]. In these cases, identifying the right
“peak”—corresponding to the cantilever resonance—and measuring small variations in its
position becomes very challenging, as shown in Figure 4a for the case of a microcantilever
oscillating in water and externally excited with a piezoelectric holder. The proper choice of
material to be used as mechanical holder is key to obtaining reduced spurious peaks in the
amplitude and phase curves [31].

To partially overcome these drawbacks, alternative physical sources have been consid-
ered to generate the driving force, with the aim of moving the point of excitation closer
to the cantilever free end and minimizing mode coupling with the surrounding fluid. A
common proposed technique is magnetic excitation [32], but nowadays thermal excitation,
via an additional laser shining on the microcantilever [33] or by thermal effects in bi-layer
cantilevers [34], and piezoelectric [35] or electrostatic [36] excitations are also commonly
used for exciting the microdevices. With the point of application of the exciting force being
co-located with the detection point (typically the cantilever tip), there is no need for a
travelling wave to be formed in the probe and therefore the delay/phase-shift between
excitation and deflection is minimized and there is very limited coupling with fluid vi-
bratory modes. This results in a measured amplitude spectrum that is much closer to the
theoretical one shown in Figure 3.
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Figure 4. (a) Experimental amplitude response of an acoustically excited microcantilever oscillating in water, showing
a noisy peak not accurately fitted by the theoretical amplitude curve; (b) dependence of the amplitude response of a
microcantilever on the gain of the feedback loop in the Q-control method, for wy = 1 rad/s, original Q = 10 (for G = 0),
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However, irrespective of the experimental implementation details of open-loop excita-
tion, the fundamental problem of low Q factor and, correlated to this, a relatively inaccurate
measurement of the frequency of the resonance peak remains.

3.1.2. Feedback or Closed-Loop Excitation Mechanisms

An alternative approach to improve the sensitivity and signal-to-noise ratio of the
cantilever when used as a mass or rheology sensor is based on acting on the dynamic
response of the cantilever itself, instead of on the physical actuation and detection method-
ology. Theoretically, if the Q factor of the amplitude response is significantly increased,
then the issues related to poor signal-to-noise ratio in the identification of the resonance
peak and the “forest of peaks” phenomenon become less pronounced. To achieve this goal,
“feedback” or “closed-loop” approaches are needed, where the excitation force depends on
the response of the microcantilever itself. Within this umbrella, several techniques have
been proposed in the literature.

The original idea was proposed by Rodriguez et al. [37] and is commonly known as
“Q-control”, where the measured microcantilever deflection is amplified by a gain, delayed
by an user-defined quantity and then added to the external harmonic excitation with a
feedback loop. In its basic form, the equivalent single degree of freedom dynamics reads:

zZ+ %Z—i—w%z = mieff Fgcoswt—kefsz<t—z>} (32)

w
harmonic external excitation with amplitude Fy and frequency w (same as in open-loop

strategies), added up to a forcing component obtained by delaying the instantaneous
detected deflection of the microcantilever z(t) by a time Ty,1,, = % (with ¢ being a user-
defined phase shift along the feedback loop) and then amplifying the delayed deflection by
a feedback Q-control gain, kG. It can be shown that by modulating the feedback gain G,
the effective Q factor exhibited by the cantilever response is much larger than the intrinsic
Q factor of the cantilever, as shown in Figure 4b [37].

When compared to Equation (24), Fyipe = Focoswt — kegGz (t — f) consists of a
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An alternative and more effective approach, based on the concept of parametric
resonance, has been proposed by Moreno et al. and Prakash et al. [38—40]. In these works,
Equation (24) turns into:

42 Ftipfsumple

2 =

, (33)
Meff Megf

£ 4 %z + @[l - Gos(2wpt)]z +
where the cantilever is parametrically excited (Fj,,.(t) = 0) by a signal proportional to
the displacement of the cantilever, amplified by G and at twice the natural frequency of
the beam, 2wy, while the non-linear force acting on the tip of the cantilever, F,action =
Fiip—sample, was used for imaging [41]. Once again, changes in the feedback gain G translate
to variation in the effective Q factor, as shown in [14].

Similarly, Miller et al. [42] studied the possibility of using the nonlinear damping
coefficient 77 to parametrically control the phase of a nonlinear resonator and implement a
parametric phase-locked loop (PLL), turning Equation (24) into:

p4 0y W3[1 4 A cos(2(wot + @) +6)]z + 2 A T 2, (34)
Q Megt Megt
where the parameter ¢ in Equation (34) is the phase setpoint of the PLL. Again, this
technique does not require any external force Fj,;,., as the probe is self-oscillating.

It is worth noting that all the techniques discussed so far are capable of dramatically
improving the cantilever response, but the feedback gains always have upper bounds
corresponding to the probe oscillation becoming unstable and (theoretically) growing
exponentially.

A different approach has been proposed by the authors in [43], where the intrinsic
dynamics of the cantilever is first made unstable by amplifying the deflection signal and
then stabilized by introducing a nonlinear saturation in the feedback loop. The resulting
dynamics reads:

. wg . 5 1 [ ( ( . .
z4+ —z+ wjz = — [sat| Kz(t — 1y, ))—mAz—cAz. (35)
Q 0% ineg o

In this work, the cantilever is subjected to a fluidic force given by Fi,seraction =
Ffiigic(2,2) = —maZ — caz, where my and cn describe the added mass and damp-

ing induced by the fluid. Additionally, the drive force of the cantilever has the form
Firive(t) = sat (Kz (t — Tdemy> ) , where the deflection z of the microcantilever is delayed

by Tjelqy (microseconds) along the feedback loop and amplified by a gain K, before being
saturated and fed back as the driving force.

Although analytical solutions of Equation (35) are not available, accurate predictions
of the overall response can be obtained by using Harmonic Balance methods [44]. These
techniques are described in detail in [44,45], and it is assumed that the deflection in
Equation (35) is approximately harmonic—i.e.:

z(t) = Agsin(wt). (36)

If this solution is inserted into Equation (35), the response of the saturation can be
expanded in harmonic terms (an approach known as Describing Function, see [44,45]
for details) and all the terms of the same frequency are balanced together, resulting in
analytical values for the critical gain K that initiates the self-oscillations, and amplitude and
frequency of oscillation. According to classical Nyquist theory [44], the saturation term is
required to stabilize the self-oscillations of the feedback loop for non-zero 74,,,. However,
no upper bound exists for K, with the self-sustained oscillation remaining always stable,
and therefore this excitation technique requires less tuning effort when compared with the
other strategies described previously. This method was used to study a microcantilever
used for imaging [46], for mass sensing [47], and for rheology sensor [48].
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3.2. Detection Mechanisms

The mechanisms that can be employed for measuring the deflection and resonance
share some of the physical mechanisms used for actuation, and include optical, capacitive,
piezoelectric and piezoresistive sensing. Arguably the most common method to study
the vibration of microstructures are the optical lever technique, where the motion of the
cantilevers can be detected by reflecting a laser from the beam into a position-sensitive
detector, and laser Doppler vibrometry, an interference-based optical technique. The
two former methods depend on external equipment that is difficult to miniaturize or
integrate, reducing the range of applications. However, this also stimulates an on-going
effort to develop alternative optical detection methods to reduce the complexity of the
detection configuration [49], using off-the-shelf components (DVD optical pickups, for
example [50]), or implementing more recent paradigms, such as quantum sensing [51]. In
the piezoresistive technique, the cantilever is fabricated with an integrated resistor having
piezoresistive properties, and therefore the electrical resistance changes as a function of
cantilever motion [52]. The use of piezoresistive detection is advantageous compared to
optical detection because there is no need for laser or detector alignments. A disadvantage
is that the current flowing in the piezoresistive layer causes temperature fluctuations
in the cantilever, which may lead to parasitic cantilever deflection and to piezoresistive
changes [53]. Electrostatic (capacitive) detection is also a widespread approach, which
is possible to integrate with compact electronics. The capacitive detection is due to the
changes in capacitance that arise from the displacement of the resonator relative to one
or more fixed electrodes/gates (the resonator and the electrode/s are separated by a
small gap, forming a capacitor). The capacitance method provides a high sensitivity and
absolute displacement. However, the capacitance method is troublesome in an electrolyte
solution due to the Faradic current between the resonator and electrodes, which obscures
the desired signal. Another disadvantage is that capacitive sensing loses efficiency for
nanoscale devices: capacitance scales as area/separation but practical limits on resonator—
gate gaps limit reduction of their dimensions, and given the higher resonance frequencies
of NEMS compared with MEMS, a large fraction of the drive and detection signals are lost
through parasitic capacitances [54].

3.3. Noise

Many cantilever-based applications require detecting frequency shifts caused by small
changes at the sensor surface or in the surrounding medium, as discussed in Sections 4
and 5 for the cases of mass and rheology sensing, respectively. Any real case resonator
or oscillator shows fluctuations in its amplitude and frequency/phase responses, caused
by the noise present in the mechanical system, surrounding environment and equipment,
resulting in uncertainties in the measurements. Therefore, understanding how noise
affects such measurements is key to assess the ultimate sensing performance. This section
discusses how to experimentally measure noise, its physical origins, and how to use it to
estimate the minimum detectable frequency shift and corresponding limit of detection.

3.3.1. Time Domain—Allan deviation

It is possible to quantify the frequency stability of an oscillator or resonator system in
the time domain using the Allan variance (a measure of the frequency drift in a specific time
window). The Allan deviation, 0, (1), is defined as the root mean square of the differences
between consecutive relative frequency measurements taken in non-overlapping time
windows of duration T [55-57]:

) N\ 2
oy(7) = % ST Lt (f}f) : (7

where M is the total number of frequency measurements taken, f; is the ith frequency
measurement (averaged in the time window with duration 7), and f; is the nominal
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carrier frequency (typically the resonance frequency of the microcantilever, fy). The Allan
deviation depends on the time interval used to collect consecutive samples, commonly
denoted as T, or the integration time.

For short integration times, the Allan variance is dominated by the frequency/phase
noise in the resonator and associated circuit. For long integration times, frequency drifts due
to temperature variations, resonator ageing and other environmental conditions dominate.
More information on the physical origin and manifestation of the noise mechanisms in
MEMS/NEMS resonators can be found in [56-59] and will be shortly discussed later.

3.3.2. Frequency Domain—Spectral Densities

Another metric to study the frequency stability of the system is the noise density
around the carrier (resonance) frequency. For continuous signals over time, such as the
vibrations of a microresonator or oscillator, power spectral densities (PSD) can be defined.
These show how the power of a signal is distributed over the frequency spectrum and
are hence customarily called power spectra. For convenience, and to be able to apply the
concept to any kind of signals (not only physical power), spectral densities are also defined
by the variance of the signal over time or, in other words, by the squared deviation of the
signal from its mean value over time. The variance of the signal at a certain frequency
is then interpreted as the energy of the signal at that frequency (measured using a well-
defined bandwidth in each frequency point).

Therefore, considering the frequency domain, frequency/phase instabilities can be
measured by the spectral density of normalized frequency/phase fluctuations. These are
given by:

4(f) = Yius ) g (38)
So(f) = Ppus(f )ﬁ, (38b)

where S,(f) and So(f) are, respectively, the spectral density of frequency and phase
fluctuations; Yyms(f) and ®ys(f) are the measured root mean squared (rms) value of
normalized frequency and phase, respectively, in a band of Fourier frequencies containing
the carrier frequency f.; and BW is the width of the frequency band in Hz. The units
of S,(f) are 1/Hz and of S¢(f) are rad®/Hz. Sy(f) and S (f) are one-sided spectral
densities, and apply over a Fourier (or sideband) frequency range f from 0 to co [60,61].
The relation between these two quantities is given by [61]:

Salf) = (fﬁ)zsm (39)

So(f) has been historically utilized in metrology, but more recently the single-sideband
phase noise, £( f), has become the prevailing quantity to measure phase noise among manu-
facturers and users of frequency standards [60]. L(f) is the noise power density normalized
to the carrier power and can be defined as the ratio [60]:

Ppoise (1 Hz) (f)

L(f)=— : (40)

Psignal

where Py (1 pz) (f) (units of dBm/ Hz) is the power density in one single sideband due
to phase modulation (PM) by noise (for a 1 Hz bandwidth), and Py;gy, (units of dBm) is the
power of the carrier. Usually, £(f) is expressed in decibels as log,, £(f) and its units are
dBc/Hz (dB below the carrier, where the power in each point was measured considering a
1 Hz bandwidth). Devices shall be characterized by a plot of L(f) versus Fourier (or offset)
frequency f, as shown in [62], for example. The fact that Equation (40) is approximately
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half of S¢(f) (for small mean squared phase deviation [60]), led to a recent redefinition of

L(f) as: )
£(F) = 250(f). )

3.3.3. Conversion between Frequency and Time Domain—Power Law Spectral Densities

It has been shown, from both theoretical considerations and experimental measure-
ments, that spectral densities due to random noise can be accurately modeled by power-
laws, where the spectral densities vary as a power of the Fourier frequency f [63]. More
specifically, S, (f) and S¢(f) can be written as the sums:

Sy(f) :Zw Shaf®, 0< f < fp, (42a)

Solf) = Y07 FPhaf*2,0< f < fu, (42b)

with f} as the high-frequency cut-off of an infinitely sharp low-pass filter (frequency after
which the S¢(f) spectrum becomes flat) and /4, as the constants associated with each type
of noise process. The two equations are related by Equation (39).

The random fluctuations are often represented by the sum of five independent noise
processes: random walk frequency noise (constant 1_», f~* dependence on Fourier fre-
quency), flicker of frequency (h_1, f ~3 dependence on frequency), white frequency noise
(ho, f~2 dependence on frequency), flicker of phase (i, f~! dependence on frequency),
and white phase noise (i and f° dependence on frequency), as can be seen in Figure 5.

Random Walk Frequency (F~%)

\—-— Flicker of Frequency {(f %)

—— White Frequency (f %)

Flicker of Phase (")

S, (rad® Hz™")

] White Phase (F%)
|

1‘ it ‘W"M |1|}l

Cut-Off Frequency (f,)

Log Spectral Density of Phase Fluctuations,

Log Offset Frequency, f (Hz)

Figure 5. Power-laws of the spectral density of phase fluctuations, S¢(f), and corresponding noise
mechanisms. A typical experimental curve of Sg (f) is plotted in light grey. The cut-off frequency (f},)
is also indicated.

Cutler and Searle derived the calculation of the Allan deviation, ¢ (7), from the
spectral density of the frequency fluctuations, S, (f), using the formula [60,63,64]:

I o LA sin* (777f) :
@) = | [ s pIHPar| - [z [T Sl @

where |H(f) |2 = 231?7:;? ) is the transfer function of an infinitely sharp low-pass filter,
with 271, 7 > 1, used to count and average the frequency values for a time 7 [60,63].
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This integral can be analytically (for simple cases) or numerically solved as shown
in [56,65-67] using the expressions for S,(f) given by Equation (42a). For the case of
Equation (43), one obtains:

0y(1) = \/h_2AT! + h_1BTO + hyCr~1 + D2 + hpET 2, (44)

with A = %, B=2In(2),C = %, D = %W’ and E = %. Different dependen-
cies of the Allan deviation with T can be found. Additionally, the results depend on the
type of filter chosen (other types of filters, such as a single-pole filter, can be used).

Experimentally, the slopes observed in the S¢(f) (or the equivalent £( f)) spectrum
can be fitted to power laws of the form y = ax?, from where the constants /1, are extracted
and the Allan deviation oy (7) for a certain integration time 7 is computed.

For micromechanical resonators in an oscillator configuration, the Allan deviation
can be measured directly by probing the frequency of the signal at the oscillator output.
For this purpose, an appropriate frequency counter can be used. Alternatively, the phase
noise of the MEMS oscillator can be measured by using a high-stability reference oscillator
and a phase detector, which can provide the instantaneous phase difference between the
reference and the MEMS oscillator under test. Alternatively, a spectrum analyzer can be
used to measure the single-sideband phase noise, provided that the resolution bandwidth
of the instrument is narrower than the width of the resonance peak of the MEMS resonator.
Furthermore, the reference oscillator for such measurements must exhibit significantly
lower phase noise than the device under test. However, when using a sweeping spectrum
analyzer, the amplitude noise and the phase noise of the cantilever oscillator are convoluted.
If the amplitude noise of the device under test (MEMS oscillator or resonator) is comparable
to its phase noise, then other techniques involving phase detectors, PLLs or delay lines
must be employed to isolate and measure the phase noise (these can be found in many
signal source analyzers).

3.3.4. Physical Origins of Noise

Readers are referred to the works [57-59,68] for a thorough and detailed analysis
of some of the intrinsic noise mechanics present in MEMS resonators. In these works,
analytical expressions for the phase noise (frequency domain) and Allan deviation (time
domain) are derived for the cases of thermomechanical fluctuations, temperature fluctu-
ations, adsorption-desorption events, defect motion and moment exchange in gaseous
environments [58,59,68]. In [56], the authors show an extensive experimental work to
study the frequency fluctuations induced by the experimental setup and also by nonlinear
phenomena, such as nonlinear damping, nonlinear mechanical properties (Duffing param-
eter) or nonlinear mode coupling in the resonators. Interestingly, they conclude that the
frequency fluctuations that have been consistently observed within the MEMS community
have no known physical origin, yet, or that current practices must be rethought.

As shown in [68], the Allan deviation can be calculated for various functional forms of
the phase noise density. For example, considering a frequency noise with a 1/f component,

3
the frequency fluctuations are given by Sy (f) = Z (%) or, equivalently, S¢(f) = Z (%) ,
where Z is a scale factor which encloses physical information about the noise process.
Solving Equation (43) for the Sy (f) of 1/f noise, one obtains an Allan deviation given by:

0y (T) = y/2In(4Z7f)TO. (45a)

Note that the Allan deviation caused by the 1/f frequency noise mechanism is indepen-
dent of the integration time 7. Additionally, the constant /i_; (shown in Equation (44)) can be
related with the physical parameters of this type of noise. Another example from [68] is
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2
related to frequency drift, in which the frequency fluctuations are given by S,(f) = Z (%)

4
or, equivalently, S¢(f) = Z <%) , and the Allan deviation becomes:

oy(7) =1/ ZSLZZfCTl, (45b)

being now dependent on 7!, with Z related to _, (see Equation (44)). Finally, for white
2
frequency noise fluctuations, S,(f) = Z or, equivalently, S (f) = Z(%) , the Allan

oy(t) = VrZrl, (45¢)

dependent on 7! and with Z related to g (see Equation (44)).

To conclude this section, an expression derived in [59,68,69] for the Allan deviation
caused by events of adsorption-desorption of residual molecules around the resonator
is discussed. The Allan deviation caused the adsorption-desorption events, oy, (7), is

given by:
2
Tyap(T) =/ N”Trz%“ 7-12MAD, (46)
me

where dm 4p is the adsorbed-desorbed molecule mass, . is the total mass of the resonator,
Ooce is the variance in the occupation probability of any given site on the surface, N; is the
Avogadro number and 7; is the correlation time for an adsorption-desorption event, with T
the integration time. This equation can be important for mass sensing applications and
will be used later in this review, in Section 4.3.

deviation becomes:

3.3.5. Minimum Detectable Frequency Shift, dfyin

A key question for any frequency-based sensing application is: what is the minimum
measurable frequency shift, éf,,;;,, that can be resolved in a realistic noisy system? As
suggested in [58], in principle ¢ f,,;;, should be a shift comparable to the mean square noise
in an average of series of frequency measurements, or in other words:

(47)

where f; represents the consecutive ith frequency measurements and fj is the natural
resonance frequency of a particular resonant mode vibrating in a dissipative medium.

Alternatively, to determine this minimum frequency shift, J f,,;;,, one can also resort
to the definition of the Allan deviation 0y (7) measured for a given integration time 7
(Equation (37)), and think of:

5fmin ~ Uy(T)fO/ (48)

where ¢y(7) is the Allan deviation caused by all the sources of noise in the system. In the
next section, we show how this value of the minimum detectable frequency shift can be
used to determine the ultimate limits of detection of the resonating sensors.

4. Mass Sensing

MEMS devices microfabricated with a wide variety of geometries and materials
have been extensively used as mass sensors with different operating conditions. The
minimum mass resolution ever reported in the literature is 1.7 yg (the mass of a proton),
achieved by using a carbon nanotube resonator and demanding experimental conditions,
such as a low-noise measurement setup, high-vacuum and cryogenic temperatures [70].
Nanoelectromechanical (NEM) resonators working in high-vacuum conditions have also
been used as mass spectroscopes, to detect single biological molecules that adsorb in real
time on the surface of the resonators, one by one, several hundred times [71-73]. Despite
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these remarkable demonstrations of mass sensing in vacuum, in some applications the
cantilever must be able to operate in dissipative media, such as air and liquid, since these
fluids are often the substance to be tested or the support for the analytes to be detected.

In particular, microcantilevers have been used to detect single virus, organic vapors,
prostrate-specific antigen, and other analytes of interest in very small concentrations [74-78].
For some mass sensing applications, such as in the case of biosensing, the cantilever is
typically functionalized with molecules that act as receptors and have a high affinity and
selectivity for the analyte to be detected, as illustrated in Figure 6. The strategy used to
immobilize the molecular probes on the surface of the microcantilever depends on the
chemical nature of both the molecules and the surface. Depending on the target analyte to
be detected, one can use antibodies, synthetic oligonucleotides, locked nucleic acids (LNA),
or aptamers as recognition elements [79]. An illustrative comparison between the scale of
common biological entities and MEMS sensors is also given in Figure 6.

Biosensing with MEMS Cantilevers (Not to Scale)

Antigens
Liquid Sample in Solution
Flow ’ v.

- Electrostatic (capacitive)
- Piezoelectric

Antibodies Immobilized on the Cantilever = Thermal Excitation
have Specificity Towards the Red Antigen = Optical Detection

o ¢

P

T Examples of Analytes of Interest and their Mass

(pa)
i . ":'fr:]‘ Proteins Micro RNA
. (ag) (zg)
: g * % —

® . 1pm

Figure 6. Illustration of a biosensing strategy with a microcantilever. The cantilever is functionalized
with antibodies on the top surface (these are the biorecognition agents, which are chemically bound
to the surface). Due to the specific binding of analytes (in this simple example, the red antigens
are captured by the antibodies but the green ones are not), a resonance frequency shift or a static
deflection will occur. On the bottom, the scale of the size and mass of bacteria, virus particles,
proteins, and micro RNA strands is illustrated.

Some advantages of using microcantilevers as mass sensors include the possibility of
probing the microscale, a high sensitivity due to their small dimensions, the ability to detect
several analytes simultaneously, the fact that the detection does not require the analytes to
be tagged (label-free detection), and the relative simplicity in interfacing the sensor with
electronic readout and microfluidics [80].

4.1. Dynamic vs Static Sensing Modes

Two distinct mechanisms can be used for mass sensing with a microcantilever. In the
first, called dynamic mode, the microcantilever oscillates with a constant frequency (as
discussed in Section 2) and the binding of the target analyte induces a shift in this frequency
(caused by changes in the effective mass and/or stiffness of the cantilever), which can be
detected. In the second method, called static deflection mode, the cantilever is initially
static and bends when the target analyte binds to the surface. This deflection, which can be
detected, is caused by surface stress arising from the electrostatic repulsion between the
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molecules at the surface, or due to steric hindrance, for example. These two mass sensing
modes are illustrated in Figure 7. In this work, only the dynamical mass sensing mode will
be discussed. For a review of the static deflection mode, the reader is referred to [81-83].
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Figure 7. Mass sensing strategies. (a) Dynamic mode: the mass adsorbed on the surface of the
cantilever causes changes in both its effective mass and stiffness, resulting in a shift in the resonance
frequency, Jfo, to lower or higher values, depending on which effect dominates (red and green
spectra). (b) Static deflection mode: the sensor deflects by a quantity 6z due to intermolecular
interactions at the surface of the sensor. In the case of a DNA biosensing experiment, the surface
stress is due to the electrostatic repulsion between the molecules at the surface when complementary
DNA (red strands) hybridizes with the initially immobilized DNA probes (green strands).

4.2. Mass Sensitivity

The dependence of the resonance frequency of the cantilever operating in vacuum
with its effective mass and stiffness is obtained by differentiating Equation (15) with respect

to these parameters, 6 fy = fk—fzfcskeff + fm—f:“émeff. The final result is given by [84]:

(49)

1 ok om
5fy = 2fo< off eff>,

kege Mgt

where ko and m.g are the effective stiffness and mass of the resonant mode, respectively,
and Jkegs and dmeg are the corresponding infinitesimal changes. This equation can be
applied to any flexural mode by using the appropriate effective mass (see Equation (16)).
Equation (49) indicates that the resonance frequency fy of a mass sensor shifts when its
effective mass and/or stiffness change due to the adsorption of an analyte on its surface. As
discussed for the case of static mass sensing, the presence of analytes on the surface of the
cantilever results in a surface stress. This surface stress also affects the resonance frequency
of the cantilever and, therefore, the sensor behavior in the dynamical sensing mode. Several
attempts have been made to relate the presence of surface stresses with changes in the
effective stiffness of the cantilever [85,86], but a complete understanding of the physical
mechanisms still remains elusive. This, in turn, impedes us from completely decoupling the
simultaneous effects of the added mass and the surface stress (which impacts the effective
stiffness) on the resonance frequencies [87].

However, when the adsorption of mass results in a distributed and low-density layer
on the cantilever surface, or when the mass is adsorbed near its free end, the mass change

101



Sensors 2021, 21, 115

(0meg) effect dominates. Conversely, a high-density mass layer, or mass adsorbed near the
support end of the microcantilever, causes a dominant stiffness-change effect (k) [88,89].
These two competing effects are illustrated in Figure 7 and can be simultaneously measured
by using two distinct vibrational modes of the resonator, provided that the adsorption
position of the analyte is known [90]. In general, multimode excitation can be used to
extract information about the mass, stiffness, and/or position of the analyte by measuring
the resonance frequency shifts induced by the analyte on several flexural modes [91,92].

The mass sensitivity of a sensor operating in vacuum (Syass vac) is defined as the
frequency shift induced by a mass added to the resonators (units of Hz kg™') and can be
evaluated from Equation (49) as:

_dfo  fo (50)

SmHSS vac — — 7
Omiege VAN

where the stiffness change has been assumed to be negligible (Jkegs ~ 0). This equation
shows that small cantilever effective mass and high natural resonance frequency are
advantageous features to achieve high mass sensitivities in a vacuum.

To estimate the mass sensitivity for microcantilevers vibrating in fluids, one can at
first combine Equations (15), (22), and (28a), thus expressing the resonance frequency with
added mass and added damping, wg ;, as:

1 1 1 1

ma\ 2 kege \ 2 1 \2 Lma 1\ 2
WRn = Wres, 1+) :() (1— 14 , (51
R e ( mg Meft 2072 Brumet D

where, as defined previously, wy.s is the resonance frequency of the nh mode of the
intrinsically damped resonator, 7 4 and m are the added mass by the fluid and the mass

4
of the resonator, both per unit length, with m, = Lmy = M = B}, Mefs n, as shown in

Equation (16).
The mass sensitivity in fluid, Sygss fiuig, for the nh mode, can then be obtained
from Equation (51), by differentiating it with respect to these several parameters, dfr =

%5](&“ + %(5 Q+ 5(2{71;/4 6Lmy + %57’}’1(3“. After some cumbersome calculations (see [93]
for details) and admitting that the variations in the quality factor (defined in Equation

(28b)) and stiffness are negligible (dkeis ~ 0and dQ ~ 0), one obtains:

_ SR N, IR P
5fR = 2 \mo + LmA 5mA 2 \mo + LmA 5meff. (52)

Finally, assuming that the properties of the fluid do not change, and therefore dm4 ~ 0
(see Equations (30a) and (31a) and Section 5 for cases where they do change), the mass
sensitivity in fluids is given by:

Smass,fluid = 5fR = _f;R <'Bn> (53)

OMogt 2 me + Lmy

This expression indicates that a higher mass sensitivity in fluid is obtained with
microcantilevers with reduced dimensions (eventually nanometric), which have small total
mass m. and high resonance frequency f, and for higher resonance modes (big values of

4
B, = %). Additionally, a smaller added mass m,4 from the hydrodynamic load (see
Equations (30) and (31)) is advantageous.
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4.3. Limits of Detection (LoD)

The minimum mass that a resonator can detect is called limit of detection (LoD) and
is defined as the mass of analyte that causes a frequency shift equal to three times the
minimum detectable frequency shift 6 f,;,;, [55], given a general sensitivity S:

5fmin

LoD =3
0 S

: (54)

As seen in Equations (47) and (48), ¢ fuin depends on the stability of the resonance
frequency, which, in its turn depends on the noise present in the system (Allan deviation).
On the other hand, the mass sensitivity (S) depends on the operating conditions and can
take the value of Syqss, vac OF Syuass, fuid (Equations (50) and (53)).

In many applications, the sensor cannot operate under vacuum conditions. As seen,
the operation of dynamic-mode mass sensors in gas or liquid media is challenging because
the oscillation is damped by the fluid, decreasing S while increasing J f,,i;, and both factors
contribute to the degradation of the mass LoD. The consequence is that MEMS flexural-
mode resonators have typical limits of detection of hundreds of pg in air and even higher in
liquids, rendering them ineffective for the detection of small analytes at low concentrations
directly in liquid media.

In Section 3, the Allan deviation and phase noise were discussed in detail, and these
formulas and methods allow the correct and complete characterization of the frequency
stability of cantilever resonators and, in particular, mass sensors, as this stability has a
critical effect on the LoD. However, in most of the mass sensing demonstrations found in
literature, noise and/or frequency stability are very rarely mentioned. Instead, some differ-
ent metrics, such as the quality factors or standard deviation, are arbitrarily used [94-109],
making it difficult to compare the LoDs achieved in the different works. Works that show
a detailed characterization of the frequency/phase stability can be found in [62,110-116].
Establishing coherent standards to be used when developing or assessing cantilever-based
mass sensor should be encouraged [117].

To conclude this section, let us consider Equation (46) of Section 3 and combine it with
Equation (50) (neglecting changes in stiffness). If it is assumed that: (i) in Equation (50), the
shift in frequency caused by the adsorption-desorption events is the minimum detectable
frequency shift (0 fg ~ 0 fin); (i) the adsorbed-desorbed mass in Equation (46) contributes
entirely for the change in effective mass of the cantilever in Equation (50), dmap ~ Omeg;
and (iii) me = B}, megr (Equation (16)), one gets for & f,,i,:

O fmin = Oyap (T)f()Y'B;, (55)

with Y = (2N 0027 }) 2 as a numerical constant. This is a similar expression to that
obtained in [113], and shows that the Jf,,;, and consequently the LoD caused by mass
adsorption-desorption events depend on the Allan deviation, the integration time, the
natural frequency of the resonator, the resonance mode, and the physical constants in a
non-trivial way.

As seen in Equation (54), the limit of detection can be decreased by increasing the sen-
sitivity of the devices and/or reducing the minimum detectable frequency shift. However,
as confirmed by Equations (53) and (55), both these parameters can have very complex
dependences with geometry, vibration mode, physical processes of mass transfer or even
the added mass by the surrounding dissipative fluid. This last term gains even more
relevance when flexural vibration modes are used, since these modes displace a lot of fluid.
This effect can be greatly reduced by using torsional or extensional modes in a mass sensor,
for example, but also explored advantageously for rheological studies and the extraction of
the fluid properties, as further discussed in Section 5. Flexural cantilevers can be useful for
obtaining mass and rheology measurements simultaneously due to the close interaction
between the resonator and the medium.
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5. Viscosity Sensing

The vibrating microcantilever can be used for measuring the rheological properties
of the fluid it is immersed in. In this section, some strategies to measure the viscosity and
density of Newtonian fluids and the dynamic viscosity of non-Newtonian viscoelastic
fluids are presented and discussed. The section starts with a brief revision on the response
of viscoelastic materials to an applied shear stress.

5.1. Viscoelastic Materials

The viscosity, 1, of a Newtonian incompressible fluid is defined as the proportionality
constant between an applied shear stress to the fluid and the resulting shear strain rate.
This is formally described by:

T4 = 10D, (56)

where 14 is the applied shear stress and dp is the shear strain, with 6p = %D being the
shear strain rate. This equation describes a purely viscous dashpot (hence the index “D”),
where the shear force is proportional to the velocity. In a Newtonian fluid, the viscosity
is constant and does not depend on the shear strain rate. Equation (56) is the simplest
possible description of a viscous fluid and can be applied to some common liquids and
gases, such as water or air.

However, most of the fluids of interest to biological applications do not follow New-
ton’s law of viscosity (Equation (56)) and show a much more complex response to an
applied shear stress. These fluids are termed non-Newtonian and their viscosity depends
on the applied shear rate. A very common response of many solutions is shear-thinning,
in which the viscosity decreases with an increasing shear rate. This arbitrarily complex
behavior stems from the fact that these fluids have also an elastic response, in addition to
the viscous response, and are hence also called viscoelastic fluids.

A Maxwell fluid is the simplest description of a viscoelastic fluid. This model considers
that an elastic spring (obeying to Hooke’s law) is added in series with the viscous dashpot,
typical of purely viscous materials. The stress—strain relationship in an elastic spring is
given by:

T4 = Gods, (57)
where T4 is the applied shear stress rate, Gy is the elasticity constant of the fluid, and
g is the shear strain of the spring (index “S”) with 5 5= % the shear strain rate. The total

strain rate of the spring-dashpot series, &ot =4 D+ 5 s, when subjected to a shear stress is
given by adding Equations (56) and (57):

o+ AT = btor, (58)

with A = Glo as a characteristic relaxation time. In the limit Gy — oo, (5.5 — 0,
Equation (58) reduces to Equation (56) and the fluid is purely viscous. In the case of
N — o0, 6p — 0, Equation (58) reduces to Equation (57) and the fluid is purely elastic.

Assuming that the applied shear stress and consequent total strain response are periodic
with frequency w and that the strain response of the material lags behind the applied stress
by a phase ¢, one gets:

T4 = et (@9, (59a)
Stot = e, (59b)
G = (slgef%", (59¢)

where G* is a dynamic elastic modulus, defined by dividing the applied stress by the total
strain of the system, and 7y and ¢y are the amplitude of the shear stress and total strain,
respectively. Equation (59¢) reduces, respectively, to Hooke’s and Newton’s laws when the
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a)

G" (Pa)

G' (Pa),

shear stress and strain are in phase (¢ = 0, G* = Gp) or in quadrature (¢ = 7, G* = 7).
Viscoelasticity corresponds to any other value of ¢. By substituting Equations (59a)—(59¢)
into Equation (58) and rearranging [32]:

252
i . . WA GO . wAGO -
e (1 +iwh) = doiw = G = 7 vl swrsvind i G'+iG",  (60)
G* is therefore defined as the sum of an elastic part, G’ = fjﬁﬁg, and a viscous part,
G" = 11’3%’\2 The phase lag between the shear stress and the shear strain is given by

¢ = arctan(%) .
The dynamic modulus G* can be used to define a complex dynamic viscosity #*, by
equalling Newton’s and Hooke’s laws through the shear stress applied to the system:

G* G G

* 4 * * % / .
Stot = GGt = 11" = = = — —i— =" =u' —in’. 61
11" Otot tot = 1] i % " n n 7 (61)
_G" _ AG : . . G - w/\ZG .
Therefore ' = - = 5 ~2e is the purely viscous part and 17" = 2 = 7575 is the

elastic viscosity. The components of both the dynamic modulus and dynamic viscosity are
shown in Figure 8, as function of the frequency of the shear load.
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Figure 8. (a) Elastic (real) and viscous (imaginary) parts of the dynamic elastic modulus; (b) viscous (real) and elastic
(imaginary) parts of the complex viscosity for A = 1s, Gg = 1 Pa, and = 1 Pa s in a Maxwell fluid.

At low excitation frequencies, the fluid is purely viscous (' = 1 and 5 = 0), while
at high frequencies it is purely elastic (G’ = 1 and G” = 0). When excited at intermediate
frequencies, the Maxwell fluid is viscoelastic. The transition between viscous and elastic
regimes occurs when the two curves cross each other.

5.2. Measuring Rheological Properties of Fluids Using Microcantilevers
5.2.1. Newtonian Fluids

Microcantilevers have been widely used to measure the rheological properties of
Newtonian fluids. An early example of such a measurement is provided in [118], where the
dependence of the resonance frequency of a cantilever on the viscosity of several aqueous
solutions is used to monitor a chemical reaction. This section details how the rheological
properties of Newtonian fluids can be measured using the theoretical framework described
in Section 2. Two different strategies will be discussed.
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The first strategy consists of measuring the amplitude response of the nth mode of the
vibrating cantilever immersed in a viscus fluid. The experimentally measured amplitude
response is fitted to Equation (29), allowing us to simultaneously extract the resonance
frequency, wr ,, and the quality factor, Q. Subsequently, the added inertial mass, m 4, and
the added damping coefficient, cy, are extracted from wg , and Q, using Equations (28a)
and (28b). Finally, the viscosity, #, and density of the fluid, p £, can be simultaneously
calculated using Maali’s description of the hydrodynamic load by solving the system of
equations given by (30) and (31). The sequence can be summarized as follows:

-1/2
oy o 2 2\? W\ WRn ma n

s (- (52)) - { - -y

This strategy has been described in [119,120], for example, and also used in [121] for
the longitudinal modes of a microcantilever (not described here) and in [122,123] with a
force applied at the free end of the cantilever. An interesting example of a self-excited
microcantilever whose phase is used to measure the viscosity of different solutions is
shown in [48].

Typically, iterative or numerical methods must be used to solve the system of equations
that allow determining 77 and py. Additionally, an initial calibration is required in which
the resonance frequency and quality factor of the cantilever vibrating in air (wy.s) are
measured. Furthermore, the fitted Equation (29) only describes the amplitude response
around the resonance, and therefore only the rheological properties of the fluid at this
frequency are measured.

To overcome this limitation, a second strategy has been developed in [124]. In this
method, the amplitude and phase spectra are both experimentally measured for a wide
range of excitation frequencies. Then, Equation (19), describing the complete transfer
function of the nth mode of the forced damped harmonic oscillator oscillating in a fluid

with resonance frequency wg ,, and y = (gﬁgi;‘{j) , is used:
A ; 1
0MMeff P — 5 ) (62)
F 1_(£) + i (cotev) w_
WR (mo+ma) wg?

_1 .
Substituting Sader’s result of Wr = wWyes (1 + %) : (Equation (28a)), using e/ =
cos(¢) +isin(¢), and considering a general ratio of amplitudes ‘%‘;’)‘ = AOT";eff, one gets
the following complete transfer function:

1
1—(L)2(1+%)+1M%.

Wres L] Wres

H(w)
Hp

(cos(@) +isin()) = (©3)

Finally, it is possible to use the experimentally measured amplitude H(w) and phase
¢(w) spectra to determine the added inertial mass and damping coefficient, m4 and cy,
respectively, for all frequencies (not only limited to resonance), by equating the real and
imaginary parts of the transfer function as:

Re( 1) —"ﬁg‘;) cos(p(w)) = <1 _ (wﬁs)2<1 §ma))|He 2
64
(52 ) =[5 sincpt) = (= e ) [ o
ma = Kl— HP({(L) cos(¢(w))) (%)2 — 1}m0
{ cy =— nggz) sin(¢(w))“r==mgy — cg (64b)
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The rest of the procedure is identical to the first method: the viscosity, #, and density
of the fluid, ps, are determined from m 4 and cy using Equations (30) and (31). The fact
that the rheological properties of the fluid can be measured for all range of frequencies is
crucial for accurate measurements of viscoelastic fluids, as shown in Figure 8, since the
properties of a viscoelastic fluid depend on the frequency of the shear load. This will be
discussed in the next section.

To determine the limit of detection (LoD) of viscosity changes in a Newtonian fluid,
Equation (54) can still be used, but where S is now the viscosity sensitivity (Sviscosity, fluid)-

To determine the viscosity sensitivity of the microcantilever, the inertial added mass,
given by Equations (30a) and (31a), can be differentiated with respect to the fluid viscosity
and density, dm4 = M—A&y + M—A(Spf, to obtain:

on ops
or \? :
_ Pr T2 n 1
omp = 4wa2(2ﬂw) (517+4w a16pf + 4wa2<2pfw> opf- (65)

This equation can then be substituted in Equation (52) to calculate the shift in resonance
frequency caused by the added mass. Assuming that the variations in fluid density and
effective mass of the cantilever are negligible (6p; ~ 0and dmeg ~ 0), one obtains:

) () Yo

By rearranging this equation, substituting m 4 from Equations (30a) and (31a) and
considering the frequency of oscillation at resonance w = 27 f, the viscosity sensitivity in
liquids is finally obtained:

| () |

Sviscosity fluid — =
’ 6 2 3
! e+ ik + (1)

The dependence of the sensitivity with the different geometrical parameters and fluid
properties is complex and the design of the microcantilever can be optimized to reach an
improved sensitivity and LoD. For example, these ideas have been applied by Dufour et al.
for the development of a gas sensor in [125].

5.2.2. Viscoelastic Fluids

Measuring the viscoelastic properties of soft matter and fluids has become the focus of
extensive research, given the key role these fluids play in biology and food manufacturing,
just to cite two examples of relevant applications. Recently, several methods have emerged
as powerful tools to investigate the dynamics and structure of soft matter or fluids at the
micro or nanoscale [126,127]. One of these methods consists of using the microcantilever
in a standard Atomic Force Microscopy (AFM) setup [128] and using the tip-sample
interaction to probe the viscoelastic response of live cells [129,130] or soft surfaces [131].

In this section, the use of the microcantilever to measure the rheological properties of
a viscoelastic fluid, in the context of the theoretical framework developed in the previous
sections, is discussed.

This technique was initially proposed in [132,133], and the main idea is to incorporate
the dynamic complex viscosity, 7* = " — i, of Equation (61) into the hydrodynamic load
(added inertial mass and viscous damping coefficient of Equations (30) and (31)), to get:

T, ay [2(n" —in")
mp = 4pfw <a1 + = 07w , (68)
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C 7[ wa (77 — ”7//) (’7/ — iql/) biz 2 (69)
V=gl w prw prw w )

Using the identity of Equation (61), ' —in" = G—” - 19, and since a; ~ 1 and

ap ~ by [20] gives, after a cumbersome rearrangement [132],

o, m, G b R \/,/ T
mA—4pfw +2b2w2+2\ﬁ w G“+G"“+G |, (70)
cv=1 ZG—+ bl"fw(\/\/cfz Gr? — G’) (71)

Figure 9 shows plots of the added mass and viscous damping per unit length as
function of the shear load frequency (corresponding to the cantilever oscillation frequency,
in the case of this work), as calculated by Equations (70) and (71), for some chosen values
of the elastic and viscous components of the dynamic modulus. It can be observed that the
added mass is more affected by variations in the elastic part of the dynamic modulus (G’)
(solid red and yellow lines), while the damping coefficient is more affected by variations in
the viscous term of the dynamic modulus (purple and green dashed lines) (G").

2) 104 b) 403
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Figure 9. (a) Added mass and (b) viscous damping per unit length of a rectangular microcantilever
(width w = 10 um) as a function of the frequency of oscillation in the fluid (water, pf = 1000 kg/ md)
and of the elastic and viscous parts of the dynamic modulus, calculated with Equations (70) and (71).

Experimentally, m 4 and cy are obtained from the measured amplitude, H(w), and
phase, ¢(w), spectra using Equations (64a) and (64b), as described previously. Note that
here, contrary to the method shown in the previous section, a prior knowledge of the fluid
density is required, since the system of two equations is used to extract the two components
of the dynamic modulus assuming a constant fluid density.
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b17'[

By defining the variables B = 7 \/PFw, C=17%p fwzw, and D = %, Equations (70)
and (71) can be re-written as the following system of equations:

mpw = C+ DG + B<\/\/G’2 +G"? + G’) (a)
cy = DG” +B(\/\/G’2 + G2 — G’) (b)

(72)

This system of equations can finally be solved to get the elastic and the viscous
components of the dynamic modulus, G’ and G”, respectively, as functions of the added
mass, m 4, and damping coefficient, cy [133,134]:

Grw)y=Y__" B ompw—c) oy 2B mw—0), 3
_D D /72D D A 1% D A ’

2

G’(w):é(mAwCCVB_%G”) (74)
The two components of the dynamic modulus, calculated with Equations (73) and (74), are
shown in Figure 10 as functions of the shear load frequency, and for some representative
values of added mass and damping coefficient. In agreement with Figure 9, the elastic part
of the dynamic modulus (G’) mostly depends on the added mass (solid blue and yellow
lines), while the viscous term of the dynamic modulus (G”) depends on the damping
coefficient (purple and green dashed lines). It is also important to note that G’ ~ w?
and G’ ~ w!, as predicted by the Maxwell model, and that G’ — 0 in the limit of low
frequencies (viscous fluid). Therefore, the fluid behaves like a viscous liquid when G”
dominates and starts entering the viscoelastic regime when the values of G’ approach those
of G” [133].
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Figure 10. (a) Elastic and (b) viscous components of the dynamic modulus of a rectangular mi-
crocantilever (width w = 10 um) as a function of the frequency of oscillation in the fluid (water,
p¢ = 1000 kg/m?) and of the added mass and viscous coefficient, calculated with Equations (73)
and (74).
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The dynamic viscosity can be calculated from Equations (73) and (74) using |1*| =

1 1
(17’2 + 77”2) t = % (G’ 24 G”2> *. One of the greatest advantages of this method is the

large range of frequencies that it can cover, since the microcantilever can be designed
to operate and probe high-frequency viscoelastic fluid behavior that is not accessible by
conventional rheometry [133].

6. Outlook and Further Challenges

This work presents a thorough analysis and discussion of the role of microcantilevers
in mass and rheology sensing. Despite the great progress reported in the last two decades,
many challenges, both theoretical and practical, remain to be tackled before unlocking the
full foreseen potential for these microdevices.

Overcoming these challenges will likely require a complementary progress in both the
fundamental understanding of the dynamical response of the microcantilever oscillating
and changing mass in dissipative media and of the practical implementations of sensors
based on microcantilevers.

Concerning the first set of challenges, a better understanding of the physical origins
of noise, both intrinsic to the microcantilever or induced by the measuring apparatus, is
required. As pointed out in Section 3.3.4, the noise mechanisms are yet not fully understood,
and the current practices for measuring noise may need to be rethought and standardized
among the community. This would enable the development of benchmarks and metrics that
can be used to better compare different techniques and tailor them to specific applications.
In addition, the development of more complete models and the achievement of a deeper
understanding of the dynamical non-linear response of the cantilever vibrating in a viscous
medium are essential to fully exploit the behavior of non-linear systems and propose novel
sensing approaches. Hysteresis, bifurcations, chaos, and energy transfer between coupled
modes are only some of the effects that can arise from this highly non-linear system and
that can be explored in applications. The dynamic interaction between the oscillating
cantilever and a non-Newtonian viscoelastic fluid is still not well studied but has the
potential of filling the gap between low-frequency characterization of these fluids (via bulk
rheometry) and high-frequency measurements (via Brillouin or quartz resonators). Extract
important information about the viscoelastic properties of the fluid may revolutionize
point-of-care diagnostics and food processing. Extending our knowledge of the dynamic
behavior in the presence of a non-zero flow velocity could also stimulate adoption in other
emerging fields, such as in flow chemistry. Finally, fundamental knowledge of the kinetics
of chemical reactions and optimal operation conditions that can be used for coating the
beam or detecting new analytes is required.

Regarding the second set of challenges, one may mention the expected progress in
microfabrication processes and materials, which can contribute to decrease costs and make
high-volume industrial applications accessible, to develop new opto-electromechanical
or biological functionalities to the microcantilever, or even allow the integration of sen-
sors in curvilinear or complex three-dimensional (3D)-shaped surfaces. New geometries
have started to emerge thanks to the enhanced fabrication techniques that are available
today—see, for example, hollow cantilevers [135] or probes with integrated fibre optics for
sensing [136]. Additionally, interfacing the beam with a proper circuitry, and integration
with complementary metal-oxide-semiconductor (CMOS), is equally a crucial step for any
commercial applications that will allow us to probe higher frequencies and ever-reducing
time and space scales, in real-time, contributing actively to the promised next revolution of
smart cities/homes and the Internet of Things (IoT), where common spaces can be filled
with sensing devices that continuously monitor the environment and communicate with
one another or with people.
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List of Symbols (in Order of Appearance in the Text)

L cantilever length
w cantilever width
h cantilever thickness
t time
X space coordinate (distance from the cantilever support)
a(x, 1) time-varying distributed load acting on the beam at a distance x from the
’ support, per unit length
W(x,t) time-varying deflection of the beam at a distance x from the support
F, shear forces acting on the element of the beam
My bending moment acting on the element of the beam
0 density of the structural material
A area of rectangular beam cross section
I, second moment of area of the rectangular cross section beam
E Young’s modulus of the structural material
P(t) temporal term solution of harmonic oscillation
D(x) spacial term solution of harmonic oscillation
C1234 constants of spacial term solution of harmonic oscillation
fon natural (undamped) resonance frequency of mode n
wo n natural (undamped) radial resonance frequency of mode n
. displacement of the one-degree-of-freedom microcantilever from the
equilibrium position (z = 0)
z velocity of the one-degree-of-freedom microcantilever
z acceleration of the one-degree-of-freedom microcantilever
kott effective spring constant of the microcantilever
Mefs effective mass of the nth resonant mode of the microcantilever
me total mass of the microcantilever
c intrinsic viscous damping coefficient
Q quality factor
w excitation frequency
Foelt excitation harmonic force at w, with amplitude Fy
Ay amplitude of the motion at w
¢ phase between the applied external force and the motion at w
Wres resonance frequency of the nth mode of intrinsically damped resonators
mp mass of the cantilever per unit length
co intrinsic viscous damping coefficient per unit length
r (x,1) time-varying distributed hydrodynamic load, acting on the beam at a distance x,
hydrol-s per unit length
mp added mass by interactions with the surrounding fluid, per unit length
added damping coefficient by interactions with the surrounding fluid, per unit
v length
g
wr resonance frequency of the nth mode of extrinsically damped resonators with
g added mass and damping
Qn quality factor of the nth mode
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real part of the hydrodynamic load acting on a microcantilever with rectangular
cross section

imaginary part of the hydrodynamic load acting on a microcantilever with
rectangular cross section

density of the fluid

viscosity of the fluid

thickness of the layer in which the velocity of the fluid drops by a factor of 1/e
Reynolds number

Maali’s constants for I'yect (w)

integration time

Allan deviation for time windows of duration T

consecutive ith frequency measurements

nominal carrier frequency

spectral density of frequency fluctuations

spectral density of phase fluctuations

measured root mean squared (rms) value of normalized frequency

measured root mean squared (rms) value of normalized phase

width of the frequency band in Hz

power density in one single sideband due to phase modulation by noise, for a 1
Hz bandwidth (dBm/Hz)

total power of the carrier (dBm)

single-sideband phase noise, the ratio of Py, (1 fz) (f) t0 Psigna (dBe/Hz)
cut-off frequency of an infinitely sharp low-pass filter

constants to fit power-laws to random walk frequency noise, flicker of frequency,
white frequency noise, flicker of phase and white phase noise, respectively
numerical constants for conversion between frequency (spectral densities) and
time (Allan deviation) domains

minimum measurable frequency shift

limit of detection

shift in the natural (undamped) resonance frequency

shift in the damped resonance frequency of microcantilevers with added mass
and damping;

infinitesimal change of the effective stiffness of the cantilever induced by the
adsorbate

infinitesimal change of the effective mass of the cantilever induced by the
adsorbate

infinitesimal change of the added mass induced by the fluid

infinitesimal change in the viscosity of the fluid

infinitesimal change in the density of the fluid

sensitivity

mass sensitivity in vacuum and in fluid

viscosity sensitivity

applied shear stress and shear stress rate

shear strain and shear strain rate of a viscous dashpot

shear strain and shear strain rate of an elastic spring

shear strain and shear strain rate of the spring-dashpot series
elasticity constant of the fluid

characteristic relaxation time of the fluid

frequency of the applied shear stress and induced total strain response
phase between applied stress and total strain response
amplitude of the shear stress

amplitude of the total strain response

dynamic elastic modulus

elastic and viscous parts of the dynamic elastic modulus
complex dynamic viscosity

viscous and elastic parts of the dynamic viscosity

general ratio of amplitudes of the transfer function
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Abstract: This review critically summarizes the recent advances of the microcantilever-based force
sensors for atomic force microscope (AFM) applications. They are one the most common mechanical
spring—mass systems and are extremely sensitive to changes in the resonant frequency, thus finding
numerous applications especially for molecular sensing. Specifically, we comment on the latest
progress in research on the deflection detection systems, fabrication, coating and functionalization
of the microcantilevers and their application as bio- and chemical sensors. A trend on the recent
breakthroughs on the study of biological samples using high-speed atomic force microscope is also
reported in this review.

Keywords: microcantilever; atomic force microscope; ultra-short cantilevers; high-speed atomic force
microscope; biosensors

1. Introduction

Since its debut in 1986, atomic force microscopy has evolved from a wobbly method to one of
the most utilized tool for nanoscale characterizations. The early years of atomic force microscope
(AFM) use were devoted to pushing the resolution boundary, to some unimaginable extent. However,
during the last decade, research has been dedicated more to force measurements, identification and
characterization of processes at the molecular level, force spectroscopy, and chemical force microscopy.
The atomic force microscope has the ability to detect pico-newton scale intermolecular forces using
a microcantilever as a force sensor thus aiding in the investigation of intermolecular interactions
between receptors and ligands in biological systems in addition to mechanics of the single living cells
and biomolecules [1-3].

The AFM microcantilevers are not restricted to the measurement of forces and displacements
accurately and precisely, but owing to their ability to be used as a spring, they can be used as
a motion sensor to detect nanoscale vibrations of various prokaryotic and eukaryotic cells [4].
From single-molecule to single-cell manipulation, the AFM became a multifunctional toolbox for
observing and measuring various biophysical parameters of cellular and subcellular assemblies and
machineries [5,6].

In addition to microcantilevers, microfabricated devices of different geometries such as flat pattern,
micro-fluidic devices, micropillars, and microwells have been developed, and they are used to study
the forces generated by various cells. The beauty of the micropillars, for example, is that they can
be fabricated to the submicron range by using several nanobased techniques that include molding
and lithography. In addition, the methods provide an easy way to vary the geometric parameters.
Thus, the micropillars provide a versatile platform on which various cells can be examined [7,8].
Furthermore, the micropillars can be easily modified like the microcantilevers so that the cells

119



Sensors 2020, 20, 4784

are only attracted to the top surface only, while the remaining parts are covered with a repelling
hydrogel layer. The micropillar-based sensors are promising tools for the measurements of biological
samples in addition to other sensing applications including the flow of fluids and shear stresses [9].
The microchannel devices have also been developed as sensors for biological and chemical applications.
These sensors are used for various biosensing applications because they can allow parallel processing
of numerous samples within the same chip. It has been reported that microchannel biosensors can not
only increase the detection sensitivity but also decrease the cost when compared to the conventional
detection methods [10]. Other advantages of the microchannels-based sensors include real-time
detection, high throughput, enhanced analytical performance, and portability. Moreover, it is possible
to analyze most biomolecules in their solutions so as to imitate the natural environment close to
in vivo. Thus, microchannel devices have become the most suitable methods for the development of
some specific biosensors. Microchannels have critical length dimensions in the range of 1 to 100 mm
and are characterized by a high surface area to volume ratio. The main limitation of microchannel
biosensors is that most of the techniques involved in the fabrication of these devices are only capable of
creating features with specific geometries. It is not possible to mimic those in their natural vasculature.
The sensors, however, are reported to exhibit numerous excellent characteristics including low cost,
portability, high sensitivity, and simple instrumentation [11]. Mi et al. [12] reported an amperometric
lactate biosensor based on electrodes modified by Prussian blue. They immobilized the lactate oxidase
enzyme using chitosan—carbon nanotubes. The biosensor was integrated with flow microchannels,
and they were able to achieve a high sensitivity of 567 nA mM~! mm 2.

The atomic force microscope has several advantages when compared to other microscopic surface
characterization techniques, such as optical fluorescent microscopy (OFM), optical confocal laser
scanning microscopy (OCLSM), transmission electron microscopy (TEM), and scanning electron
microscopy (SEM). Quantifiable and accurate surface height information, down to the sub-nanometer
scale level, is attainable by using the atomic force microscope. On the contrary, OFM, OCLSL, SEM,
or TEM cannot provide three-dimensional topographies. In addition, the AFM can permit imaging
in air, aqueous, or even under vacuum conditions over a wide range of temperatures. The feasibility
of observing the samples in liquid media at room temperature [13] and the capability of scanning
an area of interest from the nanometer to the sub-millimeter scale open the possibility of studying
many systems under physiological conditions from the macro level to cells and tissues [14] at an
unrivaled resolution. Furthermore, the sample preparations are considerably easier compared
to the TEM or SEM. Researchers can take advantage of the simple sample preparation for AFM,
which allows studying living samples through surface imaging and mechanical mapping at the same
time. For example, in cancerology, the AFM has been extensively used as an innovative diagnostic tool
to explore the effects of cytotoxic drugs [15]. With a relatively simple setup and principle, AFM can
probe the tissue dynamics at the nano-scale. After image acquisitions using the AFM, other surface
mechanical/electrical /magnetic property characterizations can be performed in both quantitative and
qualitative manners [16].

Compared to AFM capable of observing high-resolution of cellular processes in their native
environments, the electron microscopy methods such as scanning electron microscope (SEM)
and transmission electron microscope (TEM) can equally achieve nanometer level resolution but
are limited in several aspects [17]. They require extensive sample preparations owing to the
high-vacuum conditions required for the operations and limited sampling speed for possible real-time
observations [18]. Furthermore, the traditional electron microscopes only allow imaging of samples
in the unhydrated state. Even with the development of the environmental electron microscope, it is
still not possible to image in a perfect liquid environment [19]. Other researchers have also reported
potential damaging of cells by the electron irradiations [20]. The damages may include breakage of the
molecular bonds, death of the cells, and generation of the reactive solvate electrons [21]. However, it has
been recently reported that there is a possibility of employing electron microscope for the study of live
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bacterial cells if the radiation dosage is a few orders above the lethal dose needed to cause reproductive
cell death [22].

AFM provides a technology that can also be integrated with other microscopic and spectroscopic
techniques such as laser scanning confocal microscopy (LSCM) [23,24], total internal reflection
fluorescence microscopy (TIREM) [25-27], aperture correction microscopy (ACM) [28], correlative
stimulated emission depletion microscopy (STEDM) [29-31], fluorescence lifetime imaging microscopy
(FLIM) [32,33], stochastic optical reconstruction microscopy (STORM) [34,35], super-resolution
fluorescence microscopy (SRFM) [36], tip-enhanced raman spectroscopy (TERS) [37-39], scanning
near-field optical microscopy (SNOM) [40-42], and Forster resonance energy transfer (FRET) [43].
These correlative approaches offer a good spatial (nm) and high temporal (ms) resolution to study
cellular and molecular biophysics. For example, Newton and his co-workers [24] developed a
novel approach for quantifying the binding events of a single virus onto the surface receptors of
a mammalian cell surface. They integrated a force-distance-based atomic force microscopy and
fluorescence microscopy operated from below. By using the functionalized microcantilevers, they were
able to gain an insight into the initial binding effects of a single pseudo-typed rabies virus to the
avian tumor virus cells receptors artificially expressed in MDCK cells. A schematic of their set-up in
Figure 1 shows the functionalized microcantilever using amine groups probing the MDCK cells with

TVA950 receptors.
Laser
\
Controlled
atmosphere o
(5% CO,, Petri dish
95% RH) |~
MDCK cells
, * TVA-mCherry
AFM tip « Control
ot DIC
Objective = Confocal

Figure 1. Combined force distance-based atomic force microscope and confocal microscopy for life
science used to study the binding effects of a single virus onto the surface of a mammalian cell.
Reprinted from the work in [24].

The microcantilever is the heart of the atomic force microscope and its existence can be associated
with the invention of the atomic force microscope over three (3) decades ago [44]. The microcantilever
sensor has a sharp probe attached to the free end. With the presence of a cantilever probe,
the amplitudes, phases, and frequencies of various modes of resonance can be utilized. Moreover,
the AFM can create nanoscale patterns with lithographic techniques using a conductive probe or
obtain mapping of sample chemical identity when combined with optical spectroscopy techniques.
They have attracted tremendous attention, and numerous biological [45], biomedical [46,47], physical,
and chemical [48-51] applications have been demonstrated.

For biological applications, the microcantilever biosensors should be sensitive, fast, and flexible
for identification of biomolecules and high-throughput screening in the pharmaceutical industries [52].
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They have also been applied in the study of biosample stiffness measurements [53], surface
morphological and mechanical analysis [54], and viscosity—density sensing in liquid media.

For physical detection, Markidou and his co-workers [55] developed a sensor that can measure the
shear and elastic modulus of a soft material using a piezoelectric microcantilever. The microcantilever
consisted of a highly piezoelectric material with a stainless steel material coating. Thus, in response
to an applied voltage, the material bends creating an axial force capable of generating stress on
the soft material. Other physical parameter detection measurements that have been conducted
using microcantilevers include viscosity measurements, thermal analysis in picoliter solid samples,
and detection and identification of trace amounts of biological species using a combination of
micro-calorimetric spectroscopy and microcantilever thermal detectors [56-59].

The ability of microcantilevers to change their vibrational frequencies or levels of deflection upon
adsorbing molecules on their surface makes them excellent probes that can act as chemical, physical,
or biological sensors at the nanoscale. Changes in the vibrational frequency of micromechanical
devices can be used to measure viscosity, density, and flow rates in various systems. Deflections
of the cantilever are due to the stress from the molecular adsorption, which can be upward or
downward depending on the type of chemical bonding of the molecule. In these systems, the change
in the frequency of a microcantilever has been reported to be proportional to the magnitude of the
adsorbed mass [48,60-62]. By using this phenomenon, the microcantilevers have been employed
in the measurement of various physical phenomena such as humidity [63-67], temperature [68,69],
and pressure [70,71]. For temperature sensing, the deflection of a silicon nitride microcantilever coated
with a different material such as gold or aluminum is monitored. When there is a temperature change,
the microcantilever bends due to the differences in the coefficients of thermal expansions of two
materials [72,73]. Such sensors are found to exhibit a linear relationship between the deflection of the
microcantilever and the changes in temperature as opposed to the thermal resistance or bi-metallic
temperature sensors. The thermal resistance temperature sensors possess high thermal nonlinearity
whereas the bi-metallic temperature sensors have a slow response and low resolution.

For humidity sensing, the microcantilevers can be coated with a water absorbing polymer [74].
For example, Singamaneni and his co-workers achieved a sensitive humidity sensor by coating a
flexible silicon nitride microcantilever with a plasma-polymerized methacrylonitrile monolayer [75].
A linear relationship was observed as a function of time for both humidification and desiccation
and a fast response time. Often, the microcantilever chemically or physically interacts with the
environment resulting in an increase in the mass of the cantilever thus decreasing the resonant
frequency. Sometimes the chemical reaction can cause an increase in the stiffness of the material.
Their beauty, however, lies in their miniature structures, simplicity, and the possibility of mass
production with good reproducibility [49].

In gas detection, for example, the gas molecules in the area surrounding the sensor are selectively
adsorbed leading to an increase in the mass of the microcantilever that causes a proportional shift in
the vibrational frequency according to the mass of the adsorbed gases. Another variable that can be
used to quantify the amount of the adsorbed gases in the microcantilever is the change in the resonant
frequency caused by the surface stresses. However, when compared to the mass loading, the effects of
such stresses on the resonant frequency are found to be insignificant [76,77].

In this review, we look at the recent developments in microcantilever-based sensors in atomic
force microscopy, latest improvements in various methods of microcantilever excitations for atomic
force microscopes, progress in microcantilever fabrication, and modification suitable for biosensors or
chemical sensors. We also address the progress in the development of ultrashort-microcantilevers and
high-speed atomic force microscopy and their application to the study of life sciences.
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2. Generic Operations of the Microcantilever

There are basically two modes of operations of the microcantilevers: static mode and dynamic
mode. In the static mode, the microcantilever remains stationary, and its deflections only depend on
surface stress variation. However in the dynamic mode, the microcantilever is externally actuated to
oscillate about its natural resonant frequency. Thus, it is possible to accurately determine any mass
change caused by adsorption of molecular layers. Typically, either the upper or both the upper and
the bottom surfaces of the cantilever are coated with an active film followed by the close observations
of the changes in the resonant frequencies or the quality factor caused by an addition of mass on the
sensor [78,79]. The general overview of the operations of the microcantilevers is shown in Figure 2.

Analyte-

surface
interactions I

Static mode

Dynamic mode

Mass Thermal
loading effects
y h
Effects of the Changes in damping Modulation of Modulation of
environment on properties of the mechanical external electrical or
materials’ elasticity medium stresses magnetic field
k4
Changes in
cantilever Cantilever
resonance deflections
frequency

Cantilever

readout

Figure 2. A flowchart describing the modes of operation and the principle of transduction for the
microcantilevers. Adapted from the work in [80].

The microcantilever systems are simple mechanical devices with the dimension in the micrometer
regime. Often, for ease of handling, the devices are attached at one end to a chip or support.
Compared to other conventional sensors, microcantilevers are often preferred sensors due to the
numerous advantages such as high precision, high sensitivity, rapid response, large dynamic response,
miniaturization, high reliability, and large-scale integration [81-83]. Most importantly, these sensors
can be microfabricated and mass produced [84], greatly lowering their costs. The wide use of
microcantilever sensors has been contributed to their high sensitivity. The high sensitivity to surface
phenomena is contributed by their large surface area-to-mass ratios [85]. Due to their high sensitivities,
the response characteristics of the microcantilevers such as phase, amplitude of deflection, frequency
changes, and quality factors can be easily detected using either electrical or optical detection means.
Thus, it is possible to measure small forces in the pico-newton regime with relative ease. Some of the
areas of applications are outlined in Table 1.
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Table 1. Areas of applications for the microcantilevers.

S/No Areas of Application Examples
1 Biomedical applications [86,87] Biosensors (DNA, antibodies
proteins, viruses, and microorganisms)
Diagnostics
pH sensors
2 High frequency resonators [88-90] Chemical sensors
3 Food production and safety [91] Detection of heavy metals in water
To detect concentrations of herbicides
Changes in pH
4 RF switching [92-94] Broadband switches
Switches for wireless communication
5 Atomic force microscopy [3,95,96] Live cells
Reaction processes of DNA
Biomolecules
6 Environmental monitoring [97] Temperature detection
Humidity detection
Heat changes
7 Read and write storage devices [98] Storage devices
8 Home land security [99] Detection of terrorism weapons

Explosives detection
Monitor missile storage and maintenance needs
9 Energy [100,101] Energy harvesters

3. Modes of Operations of Cantilever-Based AFM

The AFM typically consists of several components including: scanner, a cantilever with a sharp
probe, a light source, an electronic feedback controller used to maintain a given set-point and a position
sensitive photodetector (PSPD). Figure 3 shows a classic example of an AFM setup. A flexible cantilever
typically fabricated from silicon or silicon nitride with a sharp tip at the free end is brought into close
proximity with the sample (several angstroms) where it interacts with the sample surface due to
the existence of the Van der Waal’s forces. This interaction force, usually in the nano-newton (nN)
range, causes a deflection of the flexible cantilever. The PSPD monitors and measures the amount
of deflection of the flexible cantilever in proportion to the strength of the interactions. A transducer,
usually piezoelectric stack actuator enables positioning of sample in the lateral direction and the
cantilever probe in the out-of-plane direction with very precise motions. The AFM controller through
an electronic feedback loop is then used to regulate the tip-sample interaction and to maintain a
constant separation between the tip and the sample. The output of this feedback loop can be used
to obtain topographical information. This simple instrument has turned out to be one of the most
powerful tool that allows visualization of objects at nanoscale.

Different microscopes that are used to extract information about a sample surface have different
“modes” of operations. For example, the backscattered or secondary electrons in scanning electron
microscopes are utilized in order to image and provide information about topography and chemical
compositions, respectively. On the other hand, the optical microscopes can operate in a polarized,
dark-field, bright-field, or phase contrast mode, depending on the optical elements used in its operation.
Similarly, the atomic force microscope can operate in a number of different modes. A few of the modes
are highlighted in this section. The various operational modes are derived from different methods of
exciting a cantilever or whether the microcantilever is in contact with the sample surface or not while
in operation.
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Figure 3. General schematic of a cantilever-based atomic force microscope (AFM) with the laser
reflecting onto the photodetector.

Contact mode (CM) is the mother of all the imaging modes and still the most popular mode
frequently used in many commercial atomic force microscopes [102]. Here, a sharp probe on the lower
side of the micro-machined cantilever is constantly in contact with the sample surface as shown in
Figure 4a. Therefore, the interaction between the cantilever and the sample is repulsive. Any variations
in the sample topography are detected using an integrated optical sensor [103-106] that senses the
deflection in the micro-machined cantilever owing to the variation in the interaction forces between the
sharp tip and the sample. Significant frictional forces are generated when the cantilever raster scans
the sample surface due to the applied force in the vertical direction. In contact mode, the operator is
able to track stiffer and rougher surfaces better at higher scan speeds [107].

Non-contact mode (NCM) AFM has transformed the field of atomic force microscopy, thanks
to Martin [108] and his research group who pioneered the technique just a year after the AFM
was discovered. NCM operates in the attractive regime of the force-distance curve. Concisely,
the cantilever together with a attached sharp probe oscillates above the sample surface at a preset scan
speed [109,110] as shown in Figure 4b. During the scanning operation, the tip and sample distance
should be maintained constant for the entire scanning period. This is made possible by tracking the
changes in the phase, amplitude, or frequency of the cantilever induced as a result of the attractive
forces (pico-Newton range). This interaction force is used in the feedback loop [108,111]. The small
interaction forces offer the ability to image soft samples without damaging them. Furthermore,
unless the tip crashes onto the sample surface, the probe remains undamaged and sharp during
the whole scanning operation thereby increasing the operational lifetime of the probe. However,
NCM usually has a limitation of slower scan speeds than contact mode in order to remedy the
adsorbed fluid layer which is sometimes excessively thick to guarantee effective measurements [112].
This mode is not frequently used for biological sample characterization.

Friction force microscopy (FFM) is a form of static mode (contact mode). Here, the microcantilever
tip and the sample surface is brought into repulsive contact. The FFM mode is often used for measuring
the friction of a surface as the cantilever twists side to side by a torque, measured as the probe
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raster scans along the sample surface. The torsional changes are simultaneously recorded using the
photodetector as a twisting of the cantilever together with the topographic features measured as
a normal bending as shown in Figure 4c. FFM is commonly used to obtain a qualitative frictional
contrast of the surface. However, the surface frictional coefficient can be calculated with an appropriate
calibration of the lateral cantilever spring constant.

During the tapping mode operation of the AFM, simultaneous phase and topographical images
can be acquired. In phase imaging (PI), the system monitors the phase lag between the signal that drives
the cantilever oscillation and its output signal (see Figure 4d). Phase images can be used for assessing
the information about the composition, adhesion, and viscoelastic properties of a sample surface.

Kelvin probe force microscopy (KPFM) was first recorded about three decades ago and enables
imaging of surface potential at nanoscale for a variety of materials. In this technique, a contact
potential difference is measured between a conductive AFM probe and the sample of interest. In KPFM,
an external bias is applied to negate the contact potential difference while monitoring the cantilever
amplitude at the resonant frequency (see Figure 4e).

When a microcantilever is coated with a magnetic material, the AFM can be used to study magnetic
domain structures of a surface with high resolution up to 10 nm depending on the sharpness of the
probe. The magnetized oscillating sharp probe first scans the surface to get topographical information,
followed by an elevation of the probe off the surface by a set distance and recording the long range
magnetic interaction force resulting in the magnetic force microscopy (MFM). A set-up showing the
basic principle of MFM is shown in Figure 4f. In addition to magnetic forces, Van der Waals forces also
act on the sample however they are weaker in magnitude. Thus, in MFM, the Van der Waals forces can
be tapped to obtain the topography of the samples.
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Figure 4. The AFM working modes: (a) contact mode, (b) tapping/dynamic mode, (c) frictional force
microscopy, (d) phase mode, (e) Kelvin probe force microscopy, and (f) magnetic force microscopy.
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In the mechanical mapping mode (MMM), the AFM measures the sample stiffness, in terms of
Young’s modulus values, through a nanoindentation technique. In AFM nanoindentation, the AFM
collects indentation-force curves on the sample of interest. The obtained indentation—force curves can
be fitted using linear elastic contact mechanical models, such as the Hertz model, in order to estimate
Young’s modulus. However, the technique can be very slow with one indentation per second taking
over 60 min for single modulus mapping. Significant improvement in this aspect has been achieved
by some AFM manufacturers now able to acquire high resolution force maps within a few minutes.
At such a high acquisition speed, however, indentations of a viscoelastic time-dependent materials
may lack accuracy. In addition, the tip radius, which is vitally important for the modulus calculation,
will be increasingly inaccurate during the course of imaging.

Another imaging mode that has been developed for materials with high elastic modulus is the
contact resonance imaging (CRI). In CRI mode, the sample is oscillated at the resonance frequency
while the microcantilever tip is in contact with the sample. Mostly, the technique has been applied in
the study of biological materials. CRI can provide information about the nano-mechanical properties
from very small volumes. Moreover, the fact that CRI can measure viscous as well as elastic properties
of materials makes it a suitable tool for studying composite materials.

In the multifrequency force microscopy (MFFM), multiple cantilever frequencies (higher
harmonics and/or higher flexural eigenmodes) are excited to provide information about the tip-sample
nonlinearities are recorded [113,114]. With MFFM, there is a potential of overcoming many hurdles
including high throughput, material properties, and spatial resolution. Multiharmonic mode uses
changes in the amplitude, the phase of the oscillator, and other appropriate harmonics in order to
offer quantitative local property maps [115]. The mode enables the concurrent mapping of Young’s
modulus and the deformation and the topography of the sample [116]. Therefore, it can be used
for investigating complex cellular and biomolecular structures to offer an in-depth quantitative
multiparametric characterizations [117].

Viscoelastic mapping microscopy (VMM) is another mode that has its roots in research from
multifrequency and bimodal AFM. This technique is a dynamic force-based mode that provides both
imaging of the topography and maps of nanomechanical properties of soft-matter surfaces. In VMM,
the cantilever is oscillated at two eigenmode frequencies. The first mode enables the recording of the
surface features and loss tangent data whereas the second mode enables the recording of the frequency
variations which can be used to obtain the stiffness of the sample. Thus, it is possible to obtain both
the topography and map of the nanomechanical properties of soft-matter surfaces such as the contact
stiffness and the modulus of elasticity [118]. Some advantages of this imaging mode are high spatial
resolution, fast scanning, and low forces applied to the specimen.

Peak force tapping (PFT) was first introduced by Su and his co-workers [119] and is believed to
possess advantages including the use of sinusoidal waves and subtraction of the background algorithm
that allows the elimination of the parasitic deflection signal. With the use of PFT, it is possible to obtain
the nanomechanical properties of samples at a faster scan speed with a very low minimum peak force
in addition to high resolution mapping. The smaller force control is helpful in preventing any possible
damage to the soft biological samples. Another benefit offered by the PFT is brought about by the use
of tailor-made peak force microcantilevers with a longer tip length which allows a substantial distance
between the cantilever and the sample, thus helping in the minimization of the hydrodynamic forces
and background signal during operations [120]. Additionally, the PFT can also be employed in the
study of biophysical properties by recording the single force-distance curve when the microcantilever
probe is made to approach and retract from the sample surface. Thus, it is possible to characterize
various mechanical properties, not necessarily limited to the adhesion force and dissipation energy.

The exhaustive list of AFM imaging modes is very long. Many of the recently developed modes are
used for studying a number of biological samples, including proteins; small biological fibrils, like lipid
membranes; amyloid fibrils; and viruses with the microcantilever as the sensing element [121,122].
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Moreover, it has been demonstrated that malign and benign cell lines present significant differences in
their viscoelastic response using MMM [123].

4. Methods of Cantilever Detection

Also of importance in the microcantilever systems are the readout methods that enable the
determination of cantilever’s mechanical state at any specific time. This can be done with a good
accuracy using either optical or electrical techniques. The optical methods that have been adopted
in atomic force microscopy are typically laser-based and include optical lever techniques and laser
interferometry [124]. These techniques can be used to detect a deflection of the microcantilever in the
sub-nanometer regime. Other than optical readouts, electronic readouts comprising capacitance [125],
piezoresistivity [126,127], piezoelectricity [128-130], and metal-oxide semiconductor field effect [131]
have also been used for cantilever array detections; they show a good progress but are limited in
performance by microfabrication complexity and lack biocompatibility.

4.1. Electron Tunneling Method

In its infancy, the atomic force microscope microcantilever deflection was measured using
the electron tunneling phenomenon. Here, the exponential dependence of the tunneling current
between the scanning tunneling microscope (STM) tip and the cantilever on their separation distance
is monitored. Typically, when a sharp, conducting tip is brought close to a conductive or a
semi-conductive sample, electrons begin to tunnel from the sample to the tip or vice versa depending
on the polarity of the bias voltage. The tunneling current varies with the tip—sample distance, and this
variation in the tunneling current is the detector signal used to obtain the AFM images. This method
offers a very high sensitivity but its main disadvantages are the reliance of electron tunneling on the
surface conditions, difficulty in alignment especially in non-ambient conditions. Other limitations
include the undesirable dependence of the tunneling detection on the effective spring constant, and
changes in thermal drifts which greatly affect the force measurements. A schematic of the electron
tunneling for measuring a cantilever deflection is shown in Figure 5a.
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Figure 5. Schematics of (a) electron tunneling, (b) interferometric, (c) electron beam [132],
and (d) optical diffraction microcantilever deflection detection systems [133].
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4.2. Interferometry Method

Interferometric displacement detection (see Figure 5b) is another method for measuring the
displacement of a micro-cantilever [134-136] with sub-nanometer accuracy and with high resolution,
but it is bulky and expensive. In fiber-optic interferometry, the optical interference in the micro-sized
cavity between the cantilever and the properly cleaved edge of a single-mode optical fiber is used to
detect small cantilever deflections. It is based on guiding the light entirely through an optical fiber
and using a beam splitter to route light beams while the cleaved end and the reflective surface of
the cantilever act as mirrors to produce the interfering patterns. The rationale behind this concept is
that light is always delivered and collected through the same aperture that is several micrometers in
diameter [137]. The high sensitivity and precision of a correctly calibrated displacement measurement
makes optical interferometry a suitable method for measuring the small displacements of a cantilever.
However, using optical fibers may induce additional imaging errors due to thermal drifts when the
imaging duration is long in addition to special handling of the equipment to prevent stress during the
positioning procedure [138].

4.3. Electron Beam Detection Method

The development of small cantilevers for high-speed AFM requires that the spot size of the laser
beam directed to the back of the cantilever to be small (~1 um). If not, the laser will spill-over to the
sample surface causing problems with the detection of small cantilever deflections. Wagner et al. [132]
proposed an electron beam, instead of laser beam, for detection of the small deflections of the cantilever.
The electron beam is focused into a smaller spot size of few nanometers nearly 100 times smaller than
the spot size of the laser in the optical lever scheme permitting the detection of the deflection of smaller
AFM cantilevers with ease (see Figure 5c).

4.4. Optical Diffraction Grating

Optical diffraction grating has been implemented for detecting the deflection of the
microcantilever as shown in Figure 5d. Here, the reflected laser light forms a diffraction pattern in
which the intensity is proportional to the cantilever deflection in atomic force microscopy [133,139,140].

4.5. Piezoelectric Method

In the piezoelectricity method, the electrical potential causes a mechanical stress on the
microcantilever. The piezoelectric detectors have the advantages of consuming less power, easy to
scale, possibility to be used in liquid environments, portability, and ability to withstand environmental
damping. In addition, they can perform the dual function of actuation and sensing. Efficient actuation
and elimination of optical interference from stray reflected light by the sample common in optical beam
deflection method is a definite advantage. The on-chip actuation has the benefits of allowing multiple
arrays of cantilevers on the same chip and permit feedback control at high frequencies [141]. However,
thicker piezoelectric films are required for a significant output signals and also an electrical connection
has to be made to the microcantilever. Recently, Moore and his co-workers [142] attempted to optimize
the geometry of the piezoelectric microcantilever sensors to allow further miniaturization of such
devices. They were able to achieve increased sensitivity and resonant frequency using optimized
cantilever geometries compared to the conventional rectangular geometries. They formulated a means
for utilizing the higher modes for the piezoelectric cantilevers by maximizing the microcantilever
deflection and the measured piezoelectric charge response through strain partial distribution. Thus,
they were able to increase the sensitivities of both the actuator and the sensor with a reduced sensor
noise. Ruppert et al. [143] also demonstrated a method for optimizing the piezoelectric cantilever for
multimode operations by altering the layout of the transducer depending on the strain mode shape
without feed-through cancellation. A schematic typical of piezoelectric microcantilever deflection
detection is shown in Figure 6a.
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Figure 6. Schematics of (a) piezoelectric (adapted from [144]), (b) piezoresistive, (c) capacitive (adapted
from [145]), and (d) optical lever microcantilever deflection detection systems [133].

4.6. Piezoresistive Method

The pioneering work in the use of piezoresistors to sense the microcantilever deflection was
proven by Tortonese et al. [146] from Stanford University in 1991. Numerous piezoresistive cantilevers
have been developed since then by different researchers [147,148]. The idea is to position the p-doped
thin resistors at high stress locations along the length of the beam [149]. Due to the piezoresistive effect,
mechanical stress, induced within the resistors, leads to changes in their specific resistance. By biasing,
via a fixed current, this change is converted into an electrical voltage signal (see Figure 6b). The stress
sensitivity of the p-doped resistors linearly depends on the operating current. A typical example of a
material that exhibits such characteristics is the doped single crystal silicon [150,151]. A deflection of
the microcantilever induces stresses and therefore strains in the piezoresistor resulting into a change in
resistance. Usually, these types of detectors are appropriate for an array of microcantilevers sensors
and lab-on-chip devices. However, such sensors require sophisticated electronics to minimize parasitic
effects and temperature drift as well as to maximize the signal-to-noise ratio. Other limitations making
this method unpopular are poor sensitivity, thermal drifts and conductance, and thermal and electronic
fluctuation noises [152].

A significant improvement in performance of such cantilevers with respect to piezoresistive
deflection sensitivity and temperature stability has been achieved by using an integrated Wheatstone
bridge configuration [149,153]. For example, Yu and his co-workers [154] used the 192 Wheatstone
bridges to improve the sensitivity and noise levels of the piezoresistive microcantilevers made from
single-crystal, microcrystalline, and amorphous silicon by varying the geometry, doping levels, and
the annealing temperatures to achieve improved noise levels by up to 65%. Rasmussen et al. [155] also
used a mathematical model to improve the sensitivity of a piezoresistive read-out system and was able
to achieve a minimum detectable surface stress range [156].
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The advantage of piezoresistive detection scheme compared to standard optical techniques is
that neither additional optical components nor laser alignment are needed. Moreover, the read-out
electronics can be integrated on the same chip using CMOS fabrication process [157]. The piezoresistive
detection is unaffected by optical artifacts arising from the surrounding medium. The piezoresistive
read-out can also be accomplished by an integrated gold resistor [158]. Xia et al. [159] have developed
coated active scanning probes with piezoresistive deflection detection capable of imaging in opaque
liquids devoid of the need of an optical system. The “Positive 20” polymer used for coating can
withstand harsh chemical environments with high acidity (e.g., 35% sulfuric acid).

4.7. Capacitive Detection Scheme

The capacitive detection method involves the measurement of the capacitance between two
electrodes. Usually the separation distance between the targeted electrodes influences the sensitivity
owing to the inverse proportionality of the measured capacitance and the physical distance between
the electrodes. The capacitive detectors mostly find wide application in gaseous media due to the
sensitivity of the device to changes in the effective dielectric constant of the media between the
two electrodes. However, this detection mechanism is not commonly used because of its many
limitations [160]. Accurate measurement of the microcantilever deflection requires that the dielectric
material between the electrodes remains constant throughout the experiment, although this is not
always possible. Moreover, miniaturization of the capacitive cantilever has the limitation of lowering
the overall sensitivity because of the direct proportionality of the capacitance and the electrode
areas [161,162]. Some of the outstanding advantages of the capacitive detection system are high
sensitivity, absolute displacement measurements and simple electronic design configurations [161].
A schematic representation of a capacitive detection scheme is shown in Figure 6c.

4.8. Optical Lever Method

Meyer and Amer [105] pioneered the optical beam deflection (OBD) technique in 1988, and it has
proven to be a very reliable and simple method for detecting cantilever deflections [103]. Generally,
the cantilever deflection is measured from the displacement of the reflected laser beam from the back
of the cantilever with a quadrant photodiode. The reflected beam forms an optical lever system
which amplifies small cantilever displacements. The movements of the beam are detected by using a
position sensing photodiode, typically a quadrant photodiode. Sub-nanometer deflection sensitivity is
routinely achievable using the OBD sensor. Compared to other displacement measurement methods,
ease of implementation, ability to use a variety of cantilevers, ease of alignment, and low sensor noise
levels make the OBD sensor the most adopted deflection sensor in commercially available AFMs.
The schematic of a typical OBD sensor consisting of a laser source, a reflective cantilever, and a position
sensing photodiode (PSPD) is shown in Figure 6d. In principle, as the free end of the cantilever bends,
the position of the laser spot on the position sensing photodiode changes. Due to the fact that the
distance between the cantilever and the detector is large, a small movement of the cantilever causes a
significantly larger change in the laser spot position on the photodetector.

One of the problems that OBD presents to the user is the need for metal-coating the cantilever
backside after fabrication to improve laser reflectivity. This procedure may induce unwanted
deformation due to the bimetallic effect [132,138] but is helpful in some aspects as will be discussed
later in the photothermal excitation section. Laser alignment of the three elements involved (cantilever,
photosensitive photodiode, and the laser source) is also a tedious exercise for any new cantilever
loaded in the AFM head [163].
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5. Microcantilever Excitation Methods

Operating the microcantilever especially in the dynamic mode requires a clean resonance of the
cantilever. Spurious resonances from the mechanical elements in the microscope are common problem
especially when the piezo-acoustic method is used. The results are undesirable artifacts in the acquired
images. Therefore, in order to improve the quality of the images for various AFM applications using
microcantilever as the sensing element, the choice of cantilever excitation is important. In this section,
the recent advances for exciting the cantilevers and strategies are discussed.

5.1. Magnetic Excitation

Magnetic excitation is one of the mechanisms used to drive AFM cantilevers and different
approaches have been developed [164-166]. Basically, the object of this mechanism is to create a
magnetic cantilever or probe that is driven outwardly by coil or solenoid. The early atomic force
microscope cantilever probes were made from magnetic materials such as iron wires before silicon
cantilevers became widespread, and this allowed a simple means of magnetic excitation. Attaching
a magnet onto the surface of a cantilever using glue is one of the traditional methods of providing
magnetic properties to a cantilever [166]. However, the additional mass caused by the magnet
and the epoxy for mounting has the disadvantage of reducing the resonant frequency of the free
microcantilever. Moreover, the difficulty of crushing the magnets to the desired size and mounting on
the cantilever surface using epoxy was a problem. In order to overcome these limitations, the backside
of the cantilever is usually coated with a very thin layer (between 0.03 and 0.04 pm thick) of a
magnetic material such as cobalt using cathodic sputtering [167]. Despite the appealing nature
of magnetic excitation resulting in clearer resonant peaks in liquid environments, it has several
drawbacks [168]. Problems of reproducibility because of varying geometries of the magnet and its
magnetic properties. The mechanical properties of the cantilever are altered as a result of the integrated
magnet and the uniform repetitive magnetic cantilever production is not easy. Bending angle and
stiffness are also altered by the coating. The sample may be contaminated by the magnetic metal ions.
The process requires additional expensive equipment for deposition of the metal coating. Additionally,
the electromagnet might cause local heating to the liquid cell. Lately, magnetostrictive actuation has
been proposed where a change in the magnetic state results in a dimensional change of the magnetic
material. For low frequency cantilevers typically less than 1 MHz, it has proven to be the most efficient
method for multi-mode actuation especially in a liquid environment.

5.2. Brownian Motion

The collisions of liquid particles with the cantilever from Brownian motion can also excite
the cantilever, thermally yielding a smooth cantilever response. However, the Brownian motion
signal is hardly greater than the AFM sensor noise and therefore wrong measurements may be
obtained [169,170].

5.3. Sample Excitation

Some researchers have also attempted to excite the sample rather than cantilever [171].
The existence of complicated dynamics and sub-harmonics makes this technique very difficult to
achieve [172].

5.4. Electrostatic Actuation

Electrostatic actuation is very versatile with the capabilities of actuating in both in-plane and
out-of-plane directions. Here, the interaction forces between a conducting sample as well as a
conducting cantilever probe are regulated by a bias voltage between the two [173]. One major
limitation of electrostatic excitation method is the fact that both the cantilever and the sample need to
be conductive. This condition greatly limits the sample that can be imaged as well as the materials
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that can be used for manufacturing the probe. Moreover, weak interaction forces require that a
flexible cantilever must be used. Desbiolles et al. [174] demonstrated a method of exciting an encased
cantilever using electrostatic technique (see Figure 7a) with a built-in electrode yielding smooth
frequency resonance peaks both in air and liquid. The advantages of the built-in electrode drive
and casing eliminates the need for any alignment, the use of only ac signal helps in reduction of
the electrolytic production of gas bubbles, low noise, small cantilever amplitudes, thus reducing the
tip-sample interaction forces and a reliable means to interpret the tip—sample interaction.
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Figure 7. (a) A cross section showing the encased cantilever for electrostatic excitation. The capacitance
C1, Gy, and Cj3 are parasitic capacitances whereas C is used for actuation [174], (b) acoustic radiation
pressure excitation, (c) piezo-acoustic, and (d) photothermal excitation methods.

5.5. Acoustic Radiation Pressure Method

Some researchers have tried the acoustic radiation pressure method to excite the microcantilevers.
One important merit of this technique is the ability to excite cantilevers of different materials and
arbitrary shapes [175]. Basically, excitation is achieved by Langevin acoustic radiation pressure [176]
which is created when a target cantilever is placed in the path of an acoustic wave beam at frequencies
100-300 MHz as shown in Figure 7b. When this pressure is focused at the focal plane of the lens,
localized forces are generated to excite as well as evaluate the dynamic and static characteristics of
the cantilever.

5.6. Piezo-Acoustic Excitation

In piezo-acoustic excitation, a small piezoelectric actuator is positioned close to the cantilever
to indirectly excite the cantilevers. This method is by far the most common in AFMs. This is partly
because of ease of implementation, ease of operation, and cost effectiveness. Usually, several parts are
involved in the excitation process because the piezo-actuator cannot be mounted directly on to the
cantilever. Therefore, the excitation begins from the cantilever holder to the cantilever via the chip
on which the cantilever is mounted. Although this technique works relatively good in both air and
vacuum environment, this in-direct excitation of the cantilever results in mixed resonances due to
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mechanical impedances of the piezo, cantilever holder, and cantilever base. This leads to the so called
“forest of peaks” in liquid environment where the quality factor is low [177]. The unwanted mechanical
resonances may not only affect the detection laser in the optical beam bounced technique but also
makes it extremely difficult to choose the correct resonant frequency of the cantilever [178] because
of the complex mechanical coupling. Moreover, it has been noted that piezo acoustic excitation may
cause sample transience and movement of the molecular sample due to sonication [165]. Attempts to
minimize the forest of peaks in low Q-factor environments by designing special cantilever holders
have been fair at best [179,180]. Another method that have been proposed to help minimize the forest
of peaks is by integrating a piezoelectric material such as zinc oxide (ZnO) on the cantilever [181].
The piezoelectric material provides a means of exciting the cantilevers at fast speed (greater 10 kHz)
in tapping mode. The ZnO actuator can have dual function of exciting the cantilever and providing
motion in the Z-direction for the tip-sample distance regulation. It is always desired that the measured
quantity should be the variation in tip movement alone. However, this is not the absolute case in
piezo-acoustic excitation. This is due to cantilever bending which is not exactly equivalent of the
tip motion [168]. A schematic of a typical piezo-acoustic cantilever excitation method is shown in
Figure 7c.

5.7. Photothermal Excitation

The photothermal excitation method is based on the fact that the microcantilevers can be easily
modified by coating the upper surface with a thin layer of a different material. Owing to their difference
in the coefficient of thermal expansion, when the composite material is subjected to a temperature
change, the microcantilever deflects. In atomic force microscopy, power modulation of a focused laser
beam at the back of the microcantilever at a designated drive frequency [182] or joule heating [183] are
the two major methods used to achieve the desired heating. Photothermal excitation method has a few
drawbacks including low displacement and low efficiency [184] and the difficulty of exciting the higher
modes. The advantages of photothermal excitation are however enormous when compared to other
conventional; high bandwidth [185,186], sharp resonant peak in liquid and ease of implementation as
shown in Figure 7d and the ability to use as fabricated microcantilevers without coating. One problem
with the bimorph microcantilevers is the fact that longitudinal thermal diffusion inhibits the lateral
bending in diffusion direction. However, the implementation of the photothermal excitation on
single crystal by Nishida and his co-workers [186] a decade ago was a major breakthrough in solving
this problem. Thus it is possible to precisely excite microcantilever modes of higher frequencies.
Another common method of exciting different modes in single crystal microcantilevers is through
varying the position at which the focused laser spot hits the back of the cantilever.

5.8. Optical Excitation

Miyahara and his co-workers [187] have proposed a new method for exciting a microcantilever
sensor by combining two laser in a single-mode optical fiber using a filter wavelength division
multiplexer (FWDM) to achieve both excitation and detection. With the set-up it was possible to
eliminate the spurious mechanical resonances associated with the piezo-acoustic excitation method
(see Figure 8a). The interference of the returning light from the back of the cantilever and the fiber end
goes back to the FWDM that helps to block the reflected excitation laser signal and only allows the
detection laser to pass to the photodetector through an optical circulator. Modulation was achieved by
modulating the drive current with a power combiner. This method allows an easy modification to the
existing AFMs that use the fiber-optic interferometers for detecting the microcantilevers.
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Figure 8. (a) A schematic of the optical excitation method for the microcantilever proposed by
Miyahara et al. [187]. (b) Schematic of the experimental set-up for the laser induced photoacoustic
excitation method for the microcantilever [188].

5.9. Laser Induced Photoacoustic Excitation

Remote excitations of microcantilever based sensors by laser-induced photoacoustic (PA) waves
have recently been reported by Gao et al. [188]. This excitation technique shown in Figure 8b typically
relies on the generation of PA waves from an optical absorber, followed by effective delivery of
these propagating PA waves on the lever surface through a medium. It may enable microcantilevers
to be used as photoacoustic sensors and presents itself as a substitute method for detecting small
signals by eliminating the heating effect common in other optical excitation methods. However,
these potential applications call for a comprehensive understanding of the microcantilever response to
the laser-induced PA waves.
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6. Fabrication, Modification, and Functionalization of AFM Microcantilevers

6.1. Fabrication

Cheap, miniature, and reproducible fabrication of microcantilevers has been possible from
silicon, silicon nitride, silicon oxide, or silicon-on-insulator (SOI) by taking an advantage of the
batch silicon micromachining techniques developed for integrated circuits (IC) and CMOS process
technologies [189-192]. In fact, wide applications of microcantilevers in industries and most research
facilities have been made possible by the fact that they can be mass-produced and they are easy to
be miniaturized. The microcantilevers are available in various dimensions, shapes, and sensitivity.
Often, the geometry of the microcantilever is dictated by the mode of detection. The dimensions of
the microcantilevers range from 100 to 500 microns in length and below 5 micrometers in thickness.
Typical shapes are the “T” (rectangular) or the “V” (triangular) with a sharp tip mounted on the
free end. In the recent past, the need for small high bandwidth cantilevers has risen for high-speed
atomic force microscopy, and similar technologies have been used for their production [193-195].
Many investigators with a full access to well-established micromachining facilities have delved in the
fabrication of microcantilevers.

Other researchers have attempted the fabrication of microcantilevers using organic-based
materials such as SU-8 and Polydimethylsiloxane (PDMS) [53,196] because of their low modulus
of elasticity and versatile and simple processing procedures. By using the bottom-up approaches, the
microfabrication process of the SU-8 microcantilevers has a high output. Using polymer cantilevers
has been shown to outperform the silicon or silicon nitride microcantilevers particularly concerning
the imaging speed of the atomic force microscopy (AFM) in tapping mode by up to one order of
magnitude. However, the polymer microcantilever tips do not often have the required sharpness and
durability for imaging in contact or contact resonance mode [197]. Therefore, a way to combine the
high imaging bandwidth of polymer cantilevers with the sharp and wear-resistant tips is necessary
for a future adoption of polymer cantilevers in routine AFM uses [198]. An attempt by Martin-Olmos
and co-workers [199] to coat SU-8 microcantilever and the tips with wear-resistant graphene was
unsuccessful in creating sharp tips.

The SU-8 polymer microcantilevers have been applied in the study of different biological
phenomenon. High-resolution AFM images of DNA plasmid molecules have been presented
by Genotel and co-workers [200]. Additionally, the polymeric SU-8 microcantilevers have been
applied in high speed amplitude modulation AFM and shown improved performance due to
their high mechanical bandwidth and low mechanical quality factor (Q-factor) [201]. In a recent
article, Kramer et al. [202] proposed a simple method of fabricating ready-to-use micro-fluidic
microcantilevers by using a combination of two-photon polymerization and stereolithography 3D
additive manufacturing processes. The method offers an inexpensive, fast and more flexible way
of fabricating the microcantilevers. A microcantilever of dimensions 564 pm long, 30 um wide,
30 um thick was fabricated with a spring constant of about 0.0037 N/mm. The reported micro-fluidic
microcantilevers were used to puncture the cell membrane and aspiration of a single cell.

6.2. Microcantilever Tip Fabrication

A majority of the imaging and surface characterization done using an atomic force microscope
are carried out with microcantilever probes as the sensing elements. They form part of the consumable
items required for the running of the AFM especially when high spatial resolution imaging is needed.
Several methods have been used to create the sharp probes on the microcantilever suitable for high
resolution imaging. Zenhausern et al. [203] used scanning electron microscope (SEM) to fabricate
sharp carbon tips at the end of commercial silicon nitride cantilevers through electron beam induced
deposition (EBID) technique. Akiyama and his co-worker reported a successful fabrication of a sharp
tip with a radius of curvature of less than 5 nm in a microcantilever using the focused ion-beam (FIB)
method [204]. Tay and Thong used a simple field emission induced growth (FEIG) of a tungsten
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nanowire enabling the production of sharp and robust high-aspect ratio microcantilever probes for
AFM applications. They were able to achieve probe lengths up to 1500 nm with a tip radius of less
than 2 nm [205]. Dremov and his co-workers demonstrated the fabrication of robust, conductive
microcantilever tips suitable for scanning contrast or Kelvin probe force microscopy using a single
multiwalled carbon nanotube (MWCNT) by employing dielectrophoresis technique from the MWCNT
suspension [206].

Lee and his co-workers [207] demonstrated a process for fabrication of photopolymerizable
hydrogel nanoprobes with tunable mechanical properties, allowing an easy encapsulation of
nanomaterial with differing sizes and different possibilities of functionalization [208-210]. Additionally,
the hydrogel material on account of its softness could provide a good microcantilever for biological
and soft matter AFM applications [211]. The hydrogel-based cantilevers are found to have widely
tunable and low mechanical stiffness suitable for sensitive nanomechanical measurements of soft
matter. The multifunctional and programmable capabilities of the hydrogel nanoprobes were also
demonstrated including temperature sensing, material delivery, and local heating. The process involves
using ultraviolet light-induced curing of a pre-polymer solution introduced into a mold in order to
fabricate the tipless hydrogel cantilever. The tipless microcantilever is then brought into contact with a
tip mold filled with a pre-polymer solution. Curing is achieved by exposure of the hydrogel in the tip
mold using a secondary ultraviolet resulting in a strong connection between the tip and the cantilever
before coating to increase reflectivity [207]. The hydrogel filled tip mold can be optionally deformed to
apply a compressive strain to enable tunable tip sharpness and high aspect ratio. A summary of the
fabrication method for the hydrogel AFM micro-cantilever is shown in Figure 9.
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Figure 9. Fabrication method for hydrogel AFM probes. A tipless hydrogel cantilever is first prepared
by ultraviolet curing of the pre-polymer solution introduced into the cantilever beam mold. The tipless
hydrogel cantilever then makes contact with a tip mold filled with pre-polymer solution with or
without encapsulated functional elements, followed by a second round of ultraviolet exposure to
cure the hydrogel in the tip mold. This results in the firm attachment between the cantilever and tip.
Before the second ultraviolet exposure, the hydrogel-filled tip mold can be optionally deformed by
applying bi-axial compressive strains to facilitate tunable tip sharpness and aspect ratio. Reprinted
from the work in [207].

6.3. AFM Microcantilever Modification

As-fabricated microcantilevers work effectively in many AFM applications. In fact, it has been
demonstrated that when they are operated in the dynamic flexural mode, they exhibit relatively good
sensitivities [212-214]. The principle of operation of such microcantilevers is based on a shift in the
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resonant frequencies owing to the fluid moved by the microcantilevers during vibration. For density
sensor applications, a decrease in mass density of the fluid surrounding the microcantilever causes the
equivalent effective mass of the microcantilever to decrease, thereby causing the resonant frequency to
decrease or vice versa [215]. The advantages of the uncoated microcantilevers are numerous such as
reductions in aging effects, thermal drift and longtime response [216]. The thermal drift is a result of
increased heat from the surface due to a temperature gradient.

The uncoated microcantilevers offer low sensitivity and are non-selective when used in special
sensor applications for gas detection or density measurement. However, the uncoated microcantilevers
suffer from a low level of reflected laser power from the back of the cantilever. In the application of the
microcantilevers for photothermal excitation, the most common principle used is the bimorph that
requires the surface of the microcantilever to be coated with a secondary material having a different
coefficient of linear expansion. The reflective metal coating with a thickness of a few tens of nanometers
offers a benefit of amplifying the reflected laser beam off the microcantilever surface thereby enhancing
the signal-to-noise ratio. In addition, the coated microcantilever can prevent the interference between
the reflected beam from a very reflective sample. The main coating materials used in microcantilevers
are gold, platinum, and aluminum. Although the use of aluminum for surface coating is cheap and
provides good reflectivity, it is not suitable for use in most biological buffers or solvents because it
is highly unstable or even dissolvable in a liquid environment. The use of gold on the other hand
offers stability because it is biologically and chemically inert. Platinum is often used for electrical or
magnetic measurements. Recently, Xia et al. [159] tried different polymer materials such as M-Bond
610, 2K-Epoxy, M-Bond 43B, and Positiv 20 for active AFM microcantilevers using dip coating process.
Positiv 20 polymer gave superior outcome in terms of coating layer thickness, good bond capability
and less corrosiveness to chemical attack. The developed polymer coated active cantilevers allowed
imaging in opaque liquid environments such as crude oil, vinegar, and immersion test in blood sample.

6.4. AFM Probe Functionalization

The atomic force microscope microcantilever tips have the flexibility of being functionalized for
chemical and biological applications to allow the attachment of the sensing molecules. Prior to
functionalization, sometimes the cantilevers are gold coated to provide a convenient platform
for chemical or biological functionalization by taking advantage of thiol-gold chemistry [217].
The customization possibilities for tips are endless. With the functionalized tips, the AFM is capable of
providing sensitive tool for measuring and mapping surface chemistry and quantifying repulsive and
adhesion forces related to the biological samples and inorganic materials. This is made possible by
controlling the chemical interactions between the AFM tip and the sample. Functionalization typically
involves chemical modifications of the tips using particular functional groups in order to carry out
a specific function in the system. Before functionalization, the tips should be carefully inspected for
quality in terms of the material, tip radius, shape and size, resonant frequency, and spring constant.
When a low quality tips are used, it can lead to imaging artifacts. The silicon nitride cantilevers are
preferred for studies involving molecular recognition [218]. Their biggest advantage is the commercial
availability of several different silica precursors highly suitable for decorating the AFM tips with the
desired functional groups.

A number of techniques have been proposed to functionalize the AFM microcantilevers for use
as chemical or biological sensors. For example, Daza et al. [219] attempted the functionalization of a
reliable and robust AFM microcantilever tips by using the activated vapor silanization (AVS) process.
The functionalized tips were able to withstand repetitive interactions with a model graphite substrate
under relatively harsh conditions with no damages to the tip. The process involved pre-heating
the tip to create a high density of hydroxyl (-OH) groups on the surface. The hydroxyl (-OH)
groups may then react with an organosilicon compound such as aminopropyltrietoxisilane (APTES)
terminated in a reactive group such as amine. More sophisticated functionalization methods have
also been proposed and explored, such as plasma enhanced chemical deposition (PECVD). The use
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of PECVD-functionalization, however, requires an activation step of the substrate, which can be
performed by creating oxygen-containing plasma before starting the functionalization process [220].
This activation step is supposed to create a high density of hydroxyl groups on the surface to which
the APTES molecules may bind covalently. Even though PECVD-functionalization allows deposition
of thick layers, the thickness of the functionalized thin film tends to be restricted to a few nanometers
(5-10 nm) [219].

Other processes that have been used to functionalize AFM microcantilever tips include
self-assembled monolayer (SAM), vacuum thermal evaporation, and sputtering. The self-assembled
monolayer functionalization method involves dropping specific reagents on the tip of the
microcantilevers and rinsing after a time duration with a different reagent. This is followed by
immersion into a solution or ultra-pure water. During the process, functional groups such as -CHj,
—COQH, or organosiloxane monolayers are formed on the tip under the controlled conditions on a
gold coated surface. By using the self-assembled monolayers to functionalize the AFM tips, a window
of opportunities have been opened that enables understanding diverse interfacial phenomena,
self-organization, and structure—property relationship [221-223]. Sputtering on the other hand is
used to functionalize the microcantilever AFM tips to induce specific properties such as ferroelectricity,
thermal, and electrical conduction and optical reflectivity [224].

Operation of the atomic force microscope in the colloidal probe mode has also proven to be
effective in quantitatively measuring the nanoscale interactions at biopolymer interfaces, drainage
of thin films, lubrication theory, mechanical properties of cells and deformation of colloidal
droplets [225-228]. It involves attaching a colloid sphere below the microcantilever thus allowing the
measurement of the surface phenomena with sub-nanometer and pico-newton resolution.

The functionalized AFM tips using various binding groups have been used widely in the
past to study interfacial interactions. For example, Ma and his co-workers [229] investigated the
generated adhesive force between a hydrophobic microcantilever tip and immobilized oligopeptides
surface. It is possible to quantify and identify the receptor-ligand interactions usually in the range
below 100 pN [230]. Different force spectroscopy techniques such as optical tweezers, atomic force
microscopes, and biomembrane force probe have been used to obtain quantitative information about
the adhesion force below nN range [231]. Often, the optical tweezers and the biomembrane force
probes methods are less preferred because they are limited in the detachable adhesion force range [232].
For atomic force microscope techniques, the single-cell force spectroscopy mode is employed to study
the cell to cell interactions mostly carried out in their physiological buffer solutions and conditions.
Additionally, it has a significantly large range of detachable forces up to 1 uN in addition to the precise
temporal and spatial control over the experiments. For example, Zhang and co-workers [233] used a
soft microcantilever functionalized with the cancer cell using biotin-conA brought in contact with the
endothelial cell monolayer grown on a surface allowing the detection global adhesion strength and
breakup of receptor-ligand bonds.

7. High-Speed Imaging

In spite of many positive aspects, one of the most limiting disadvantages of typical atomic force
microscopes is the slow scanning speed. For most commercial atomic force microscopes, image
acquisition takes several to tens of minutes [234] since the line scan speed is typically around 1 Hz.
Fortunately, there have been many improvements in the imaging speeds of AFM, especially in the
past decade. Several technological hurdles should be overcome to improve imaging speeds, and these
include the slow data acquisition systems [235,236], low resonant frequency of the nano-positioners
and scanners [234,237,238], low bandwidth of the feedback controller [234,237], and low resonant
frequency of the microcantilevers [235,236,239,240]. An effective means to excite the microcantilevers
in the MHz regime is also needed.

Extending the speed capabilities of AFM has inspired many researchers to do an extensive
work in this area. Significant efforts have been put on developing high bandwidth scanners and

139



Sensors 2020, 20, 4784

cantilevers [235,241], high bandwidth cantilever deflection detection systems [242-245], and fast
and robust feedback system with Z-scanner [109,246]. The heart of atomic force microscope is
the microcantilever sensor that interacts with the sample to measure the desired surface features.
Interestingly, the microcantilever was the biggest obstacle for raising the speed of the AFM due to
the limited bandwidth of typically available cantilevers. High bandwidth of the microcantilevers
was achieved by the advent of the robust, commercially available ultra-small cantilevers that enabled
the reduction of the overall microcantilever mass [181,237,247]. Typical dimensions of the ultra-short
microcantilevers are a few microns in length, about 10 times smaller than conventional cantilevers,
a resonance frequency above 1 MHz and a low force constant typically in a few nN/m [248] compared
to the conventional tapping mode cantilevers. A summary of the properties of the commonly available
ultra-short cantilevers (AC10 and AC7) and regular cantilevers (MLCT-E and AC40) are compared in
Table 2. The miniature cantilevers also have low spring constant (k), reduced coefficient of viscous drag
(B), and low quality factor (Q). The low quality factors and high resonance frequencies are required for

the ultra-short cantilevers to have a small response time. The total thermal noise \/%, where kg is
Boltzmann’s constant, k. is the spring constant, and T is the temperature in Kelvin, is distributed over
frequencies up to slightly above the resonance frequency, f.. Thus, a cantilever with a higher f. has a
lower noise density.

Table 2. The comparison of the properties of commonly available regular (MLCT-E and AC40) and
ultra-short (AC10 and AC7) microcantilevers.

Property MLCT-E AC40 AC10 AC7
Shape V-shaped Rectangle Rectangle Rectangle
Length (um) 140 38 8 6
Width (um) 18 16 2 2
Thickness (nm) 600 180 130 130
K (pN/nm) 112 102 87 592
fo in liquid (kHz) 7 31 431 1231
Q-factor in liquid 1.7 1.6 0.8 0.7
B (pNs/um) 4.59 0.82 0.03 0.05

AC10 and AC7 are the commonly used probes because they have silicon nitride tips that allow
easy functionalization compared to the carbon AFM tips deposited using the electron beam method [3].
The ultra-short cantilevers require a small laser spot size for the detection of the cantilever deflection.
The small laser spot required for the ultra-short cantilevers are provided for either by using the power
micro-lenses or using a microscope objective [235,237].

The development of high-speed atomic force microscopy (HSAFM) has enabled the generation
of AFM images at video rate and recording of force-distance curves at high speeds [237,249-251].
The introduction of AFM to capture the live actions of biomolecules at high spatial and temporal
resolutions has been demonstrated by HSAFM [252,253]. AFM-based recognition imaging and force
spectroscopy allow unbinding force mapping of receptor-ligand interaction sites on a lipid membrane
at the single molecule level [254].

HSAFM is also a force spectroscopy tool. In force spectroscopy, the force—distance curves are
obtained. Typically, there are different force spectroscopy approaches based on the experimental setup
such as the functionalization of the tip or the type of distance modulation used. Single-cell force
spectroscopy and single-molecule force spectroscopy are used in the study of biomolecular or cell
adhesion processes at the single-biomolecule level [117,255,256]. Peak force tapping and force volume
methods are the other two force spectroscopy methods applied in the study of the nanomechanical
response of polymers, cells, inorganic, and organic interfaces [257].

High speed capabilities have been useful in the study of time-dependent dynamic and
kinetic processes that involve melting, crystallization, growth, and annealing of several surfaces
including polymers, crystals, and biological molecules [3]. The high-speed AFMs provide a way for
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understanding the mechanical properties of biological systems and processes at the nanoscale [252,258].
In fact, many biological processes present in many organisms occur over a short time scale. It is
possible to visualize cellular dynamics and various proteins at video rates [249,259]. Kodera and his
co-workers demonstrated a real-time observation of walking myosin V on an actin filament [250].
Yu et al. [260] applied the high-speed atomic force microscope with ultra-short cantilevers to unfold
the individual bacteriorhodopsin molecules in a native lipid bilayer. Matusovsky and co-workers [261]
studied the 3-state model of activation of cardiac thin filaments isolated as a complex and deposited
on a mica-supported lipid bilayer. They realized that the successful imaging of the regulatory
proteins tropomyosin and troponin complexes is dependent on the force applied by the cantilever
tip because of their low affinity to F-actin. Thus, a small force should be applied neither to break
the electrostatic bonds within the regulatory units of the cardiac thin filaments nor reconstituted
F-actin—tropomyosin—troponin complex.

8. Microcantilever Sensors in AFM Applications

The applications of AFM microcantilevers are enormous, ranging from solving problems in
different areas such as energy, health care, and agriculture, to handling environmental and process
industrial issues. For example, nano-biosensors have been used to monitor the treatment procedures
and detection of contaminants and heavy metals in industrial processes [91,262]. The microcantilever
nano-biosensors are easy to use, sensitive, small, fast, and versatile in terms of detection and
monitoring [263]. Some of the limitations of nano-biosensors, however, include the possibility of
multi-agent detections by the conversion of bimolecular activity into a measurable quantity and
disturbance from the fluid medium during the measuring and temperature control. Typically,
the microcantilever deflection or the frequency shift due to the mass change is used to determine the
concentration of the target parameters [264].

Rigo et al. [265] developed an efficient, highly sensitive nano-biosensor by functionalizing
a microcantilever with urease enzyme, and they were able to detect heavy metals such as cobalt,
zing, nickel, and lead in water. The nano-biosensor was able to achieve a detection limit of parts
per billion for the 30 days of storage showing a relatively good stability. The functionalization
process was performed on the upper surface of a gold coated silicon cantilever using self-assembled
monolayers (SAM) process, by cross-linking agents 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC), and N-hydroxysuccinimide (NHS). The heavy metals present in the water solution bind to the
active site groups of the urease enzyme by reacting with the sulthydryl groups. The reaction causes a
stress tension on the cantilever surface, resulting in a deflection measured by the voltage change of the
cantilever nano-biosensor.

Muenchen et al. [266] functionalized a microcantilever for use as a biosensor using peroxidase
from vegetables for the detection of glyphosopahe herbicide with a wide spectral range. The deposition
of the peroxidase enzyme on the cantilever was done using the self-assembled monolayers (SAM).
The adsorption of the glyphosate resulted in a change in the surface tension causing a conformal
change in the structure of the peroxidase enzyme.

Rezaee et al. [267] presented a numerical model of an electrically actuated biosensor
for identification and characterization of different bio-particles. The process involved coating
the microcantilever with receptor chemicals followed by biasing before analyzing the pull-in
instability characteristics.

Sutter et al. [268] combined high-speed atomic force microscopy and X-ray crystallography to
study the structure and dynamics of the bacteria micro-compartments shell facet assembly at the
molecular resolution. Diverse insights into the structure revealed the formation of single layer sheets
of a uniform orientation from pre-assembled shell hexamers. The hexamers could also dissociate and
combine into an assembled sheet showing the flexibility in the intermolecular interaction. Having a
better concept of the bacteria micro-compartments help researchers understand their control and
potential use in nanoreactors and molecular scaffolds.
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Possas-Abreu et al. [269] recently detected the binding of 2-isobutyl-3-methoxypyrazine
to the immobilized odorant binding proteins (OBP) using a grafted OBP on a diamond
micro-cantilever by applying MEMS technology. From their work, an approximated 108 molecules of
2-isobutyl-3-methoxypyrazine was bound to the immobilized OBPs showing the possibility of using
them as reliable vapor biosensors.

Improvement in the binding efficiency of microcantilever array biosensor has been demonstrated
by Liu et al. [270] using the Yersinia detection method. They introduced an antibody to increase the
capture efficiency by enhancing the binding sites and reaction efficiency.

Bertke et al. [271] developed a sensitive micro-cantilever based particulate matter detector with a
combined electrostatic on-chip ultra-fine particle collection and separation. The microcantilevers had
collection electrodes in order to attract the charged particles naturally and an integrated microchannnel
to enhance the efficacy of the particle collection. The detection limit for the miniature sensors is
about 1 pg/m=3.

Guillaume-Gentil et al. [272] presented a simple method for extracting the endogenous soluble
elements from single cells using fluidic force microscopy for further analysis. The process involves
the insertion of the microcantilever tip with a triangular aperture of about 400 nm on the front side
of the pyramidal tip inside the single cells. After which the extracted fluid fills the probe with the
help of a negative pressure. Quantification of the extracted endogenous elements was made possible
by using an integrated optical microscopy. Because of the gentle and controlled force offered by
the flexible microcantilever during the operation of fluid force microscopy, it was observed that
even after the extraction of large volumes of cytoplasm molecules, it was possible for the cells to
undergo cell divisions and stay alive. The method demonstrates that there is a potential of extracting
smidgen elements for molecular analyses. In addition, it is possible to use undiluted samples for third
generation sequencing technologies, building and analysis of the artificial cells and determination of
epigenetic changes.

Microcantilever-based biosensors arrays have become to be reliable and very precise instruments
for the detection of cancer diseases. Wang et al. [273] reported antibody functionalized microcantilever
arrays for the detection of liver cancer. They reduced the adsorption-induced variation of the cantilever
stiffness by making a micro-cavity at the end of the microcantilever for local immobilization of the
antibody. In addition to the analytical model, they were able to increase the detection sensitivity of the
mass of the detected antigen and the overall accuracy of the liver cancer biomarker detection.

In another article, Kamble et al. [274] reported the detection biomarker for early diagnosis of
diabetes using piezoresistive microcantilevers and inter-digitated electrodes. The principle is based on
the high sensitivity and selectivity of tungsten trioxide towards acetone in an environment filled with
selected volatile organic compounds. Screen printing was used to deposit the tungsten trioxide on the
inter-digitated electrode fingers, and the resistance measurement was done by using an electrometer.
This piezoresistive-based microcantilever work showed the high sensitivity of 2.1 towards 10 ppm
acetone at 250 °C.

Recently, Kim et al. [275] reported a universal means of measuring the binding affinities of
nivolumab antibody drug towards the target. The method involved coating the surface of a tipless
microcantilever with nanocapsules followed by the immobilization of the nivolumab molecules
through binding between the antibody and the target protein. The nivolumab-coated AFM cantilever
and the T lymphocytes on which programmed cell death 1 molecules expressed are used for
investigations. In the experiment, the rupture forces between the programmed cell death 1 molecules
and the nivolumab molecules on the microcantilever were monitored. It was demonstrated that this
method could allow a comparison of the affinities of different antibody drugs towards a single cell
because it does not involve a chemical treatment.

Korayem et al. [276] recently used the microcantilever-based atomic force microscope to obtain
various mechanical and physical properties of the head and neck cancer cells. These properties include
the modulus of elasticity, cell topography, and viscoelastic properties. From the measurements,
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the average adhesion force recorded in contact mode for a cantilevers operated in air was
2.47 nN. The research is a step ahead towards characterizing head and neck cancer cells in a
heterogeneous population.

9. Conclusions and Prospects

This review article presents the recent developments in the microcantilevers and their applications
in various fields. It has been shown that microcantilevers play a pivotal role in the detection of
various phenomena using atomic force microscope. A variety of methods for detecting the deflection
of the microcantilever have been discussed and the improvements in the recent years have been
done to accommodate the ultra-short microcantilevers. It is possible to fabricate microcantilevers
both from silicon and selected polymers sensitive to bending moments owing to their lower spring
constants. The high sensitivities of microcantilevers have made it possible to investigate complex and
advanced chemical and biological problems. Different methods for coating and functionalization of
the microcantilever surface for chemical and biological purposes have been assessed.

There is a constant progress in the microcantilever applications with novel detection
strategies being developed for higher sensitivities in the atto-newton regime and easier operations.
Latest applications of microcantilever-based chemical and biological sensors have been presented.
The sensors are reproducible, cost effective for fabrication, robust, easy to handle, power efficient,
and small.

The developments achieved in the last few years in both hardware and software for the atomic
force microscope has enabled imaging at unprecedented speeds. Additionally, the measurements of the
mechanical properties and other surface phenomena in air, aqueous media and at cryogenic conditions
have also been conducted with relative ease. Biomaterials and soft matters that seemed impossible to
image in the past is now possible by the development of the ultra-fast, flexible microcantilevers.

It is evident that the microcantilever-based sensor is still a work in progress allowing researchers
to explore more areas of applications. Further research is required for the development and realization
of more robust microcantilever systems for the future applications.
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The following abbreviations are used in this manuscript.

ACM Aperture Correction Microscopy

AFM Atomic Force Microscope

APTES  Aminopropyltrietoxisilane

M Contact Mode

CMI Contact Resonance Imaging

CMOS Complementary Metal Oxide Semiconductor
EBID Electron Beam Induced Deposition

EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
FEIG Field Emission Induced Growth

FIB Focused Ion-Beam

FLIM Fluorescence Lifetime Imaging Microscopy
FMM Friction Mode Microscopy
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FRET
FWDM
HSAFM
IC
KPFM
LSCM
MEMS
MFFM
MFM
MMM
MWCNT
NCM
NHS
OBD
OBP
OCLSM
OFM
PDMS
PECVD
PI

TERS
SAM
SEM
SOI
SNOM
SREM

Forster Resonance Energy Transfer
Filter Wavelength Division Multiplexer
High-Speed Atomic Force Microscopy
Integrated Circuits

Kelvin Probe Force Microscopy

Laser Scanning Confocal Microscopy
Microelectromechanical Systems
Multifrequency Force Microscopy
Magnetic Force Microscopy
Mechanical Mapping Mode
Multiwalled Carbon Nanotube
Non-Contact Mode
N-Hydroxysuccinimide

Optical Beam Deflection

Odorant Binding Proteins

Optical Confocal Laser Scanning Microscopy

Optical Fluorescent Microscopy
Polydimethylsiloxane

Plasma Enhanced Chemical Vapor Deposition

Phase Imaging

Tip-Enhanced Raman Spectroscopy
Self-Assembly Monolayer

Scanning Electron Microscopy
Silicon-on-Insulator

Scanning Near-Field Optical Microscopy

Super-Resolution Fluorescence Microscopy

STEDM Correlative Stimulated Emission Depletion Microscopy
STORM  Stochastic Optical Reconstruction Microscopy

TEM

Transmission Electron Microscopy

TIRFM Total Internal Reflection Fluorescence Microscopy
VMM Viscoelastic Mapping Microscopy
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Abstract: In this work, we present a new theoretical model for use in contact resonance atomic force
microscopy. This model incorporates the effects of a long, massive sensing tip and is especially useful
to interpret operation in the so-called trolling mode. The model is based on traditional Euler-Bernoulli
beam theory, whereby the effect of the tip as well as of the sample in contact, modeled as an elastic
substrate, are captured by appropriate boundary conditions. A novel interpretation of the flexural
and torsional modes of vibration of the cantilever, when not in contact with the sample, is used
to estimate the inertia properties of the long, massive tip. Using this information, sample elastic
properties are then estimated from the in-contact resonance frequencies of the system. The predictive
capability of the proposed model is verified via finite element analysis. Different combinations
of cantilever geometry, tip geometry, and sample stiffness are investigated. The model’s accurate
predictive ranges are discussed and shown to outperform those of other popular models currently
used in contact resonance atomic force microscopy.

Keywords: cantilever based sensors; atomic force microscopy; contact resonance; trolling mode

1. Introduction

Contact Resonance (CR) atomic force microscopy (AFM) is a relatively new, popular measurement
technique used to characterize nanoscale material properties. CR AFM relies on analyzing the coupled
vibrations of an AFM cantilever probe that is resonated while in permanent, net-repulsive contact with
a sample of interest. CR AFM has been used to characterize the properties of thin metallic films [1]
and polymer blends [2]. CR AFM has also been used to measure the viscoelastic loss tangents of
polymer blends [3], study the effect of relative humidity on the viscoelastic properties of organic
thin films [4], and conduct photorheological measurements to study curing kinetics of polymers [5].
Additionally, CR AFM has been used to measure buried, subsurface nanostructures [6-9] that are
not visible in typical topographic AFM measurements. Finally, the principles of contact resonance
have been used to enhance other popular modes of AFM, such as electrochemical strain microscopy
(ESM) [10-12] and piezoresponse force microscopy [13,14] (PFM), and researchers have developed new
experimental measurement procedures and techniques for CR AFM that aim to increase the accuracy
of these coupled methods [15].

The underlying theoretical model of CR AFM utilizes the Euler-Bernoulli (EB) beam model.
To date, researchers have included the effects of tip offset [16], tip height effects [17], normal and lateral
contact springs [17], Poisson’s ratio of the sample material [18], and sample viscoelasticity effects [19].
More recent modeling efforts have included the effect of using U-shaped cantilever probes [20] and
using a Timoshenko beam model in the theoretical framework [21].

Recently, AFM cantilever sensor designs have included large sensing tips. For example, the qPlus
sensor [22] uses a massive tip affixed to a quartz tuning fork tine and is capable of conducting
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extremely sensitive measurements. Long, massive tips have been affixed to AFM cantilevers and
are used in operational modes such as “Trolling Mode” [23,24] to measure material properties of
polymers and living cells. By using long sensing tips, researchers are able to remove the main
cantilever body from liquid environments [25-27], thereby reducing unwanted hydrodynamic forces
on the cantilever [28-34] and reducing extraneous noise sources prevalent in liquid AFM imaging
environments [35]. Notwithstanding the practical importance that these techniques are gaining and
their potential to open up new sensing modalities in CR AFM, rigorous analyses of the effect that the
long, massive tip has on the system dynamics are so far lacking in the established literature. Therefore,
incomplete understanding of the behavior and idiosyncrasies of cantilever-based sensors endowed
with long, massive tips is limiting their applications and adoption in key sensing areas.

To bridge this knowledge gap, in this work, we analyze the behavior of AFM cantilever probes
with long, massive tips to determine their effect on the surface-coupled vibrations of the system.
To this aim, we modify the traditional EB model for cantilever vibration with a new set of boundary
conditions that models both the presence of a long, massive tip (via the transverse force and moment
that the tip, modeled as a rigid body, exerts on the cantilever) and contact with an elastic sample.
Since the effect of the tip is only included in the boundary conditions, possible dynamics of the tip
are not explicitly captured. However, a procedure to estimate the effective inertia and moment of
inertia of the tip, as seen by the cantilever, is proposed based on a novel interpretation of flexural and
torsional modes of vibration of the structure when not in contact with the sample. Contact with an
elastic sample is modeled via an orthogonal set of springs, coupled to the cantilever tip, capable of
linear elastic response in the transverse and in-plane directions.

An estimation procedure for the sample stiffness is then proposed based on analysis of the free
and in-contact resonance frequencies of the system. The dynamics of the system are also investigated
using a finite element model simulation to verify the proposed model and assess the impact of the
modeling hypotheses. Particular interest is placed on the flexibility of the tip and its effect on the
accuracy of the prediction. The proposed model is shown to be superior to traditional models which
ignore inertia and moment of inertia of the long, massive tip for a broad range of system dimensions
and stiffness parameters. Thus, the proposed model paves the way for correct interpretation of trolling
mode CR AFM experiments.

The remainder of the paper is organized as follows. In Section 2, we develop the theoretical model
for flexural and torsional vibrations and introduce the characteristic equations on which the estimation
procedure hinges. In Section 3, we detail our numerical experiments conducted in lieu of physical
experiments on fabricated cantilever sensors. Results and discussions are presented in Section 4, where
we discuss the limits of applicability of the proposed model. Conclusions are reported in Section 5.

2. Theory and Model Development

In this section, we develop a simple model for a cantilever beam endowed with a long, massive tip
in contact with an elastic substrate, representative of typical CR AFM configurations in trolling
mode operations. To maintain a realistic model, with manageable complexity, we introduce a
set of assumptions whose validity will be analyzed in the rest of the paper. Figure 1 depicts
a schematic representation of the idealized system under study. Small amplitude vibrations are
considered throughout.
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Figure 1. Euler-Bernoulli beam model of a cantilever with a long, massive tip in contact with an elastic
substrate. Here, the tip is assumed to be rigid. The substrate is modeled through linear springs.

2.1. The Flexural Problem

With reference to Figure 1, we first focus on flexural vibrations of the beam in the xz-plane,
exclusively. The beam is assumed to be of an isotropic and homogeneous material, with Young’s
modulus E and Poisson’s ratio v. Furthermore, p denotes the mass density (per unit volume) of the
beam; A is the rectangular cross-sectional area, assumed to be constant along the axis; and L is the
length of the beam. In this model, the long sensing tip is fixed at the end of the beam, with length
L, mass density p;, and circular cross-sectional area A;. At this stage, the tip is assumed to be
rigid, and connected to two one-dimensional linear springs of constants k and k' in the z- and
x-directions, respectively. These springs model the normal and lateral stiffness of the sample in
contact. The equations of motion for the transverse vibrations of the unforced system are given by [36]
*w(x, t)

?w(x,t)
A THGa =0 W

where I is the second area moment of inertia of the cantilever beam and w(x, t) represents the transverse
displacement of the beam at a given location x along the axis and a specified time ¢.

Translational and rotational inertia effects of the massive tip, along with sample stiffness,
are incorporated into the model in Equation (1) via the following boundary conditions [36]:

w(0,t) =0, (2a)
Y=o, (20)
Ela%giglt) _ ta3au;(aLt,2t) _k/L%awg(;ilt)' 20)
170 3 PULY e, (2d)

where I is the rotational inertia and m; is the total mass of the sensing tip. In Equations (2c) and
(2d), the sensing tip has effectively been modeled as a point-mass and point-inertia. Specifically,
in Equation (2c), the cantilever end is subject to a bending moment due to the rotational inertia of the
tip, along with the reaction from the lateral stiffness of the sample. Similarly, in Equation (2d), the
cantilever end is subject to a shear force due to the translational inertia of the massive tip and to the
normal stiffness of the sample. Note that, consistent with the assumptions of small displacements
and deformations, higher order contributions to tip shear force and bending moment due to changes
in length of the cantilever are neglected. It is also important to observe that any effects that may be
related to deformability of the tip are ignored.

161



Sensors 2019, 19, 4990

For free vibrations at a given frequency w, the boundary condition in Equation (2c) is equivalent
to the effect of a torsional spring connected to the cantilever tip, with effective torsional (dynamic)
stiffness given by Kt = k’L? — w?I;. Similarly, the boundary condition in Equation (2d) is equivalent
to the effect of a normal spring connected to the cantilever tip, with effective (dynamic) stiffness given
by Ky = k — w?m;. These effective dynamic stiffnesses will be used later in the discussion of the
model’s performance.

Through dimensional analysis of the equations of motion and associated boundary conditions,
we identify the following governing nondimensional parameters: « is the nondimensional ratio of
the normal spring stiffness k to the cantilever static stiffness k. = (3EI)/ L3, so that o = k/ ke; Ads
the nondimensional tip mass given by A = m;/(pAL); I; is the nondimensional rotational inertia of
the tip given by I} = I;/(0AL3); ¢ is the ratio of the lateral to the normal spring stiffnesses ¢ = k' /k;
and ¢ = L;/L is the ratio between the tip length and cantilever length. The limit of # = 0 corresponds
to the case of an “unsprung” cantilever, and the limit of A = [; = 0 corresponds to the case of an
ideally massless tip.

Next, as in standard practice [36], we assume that the solution for w(x, t) is separable, that is
w(x,t) = W(x)T(t). Substituting this ansatz into Equation (1) results in a fourth order ordinary
differential equation (ODE) in the spatial dimension x and a second order ODE in the time dimension t.
The general form of the spatial solution is given by W(x) = C; cos(Ax) + Cp sin(Ax) + C3 cosh(Ax) +
Cysinh(Ax), where A is the separation constant. The general spatial solution along with the
boundary conditions in Equation (2) form the eigenvalue problem (EVP) that governs the eigenmodes
and eigenfrequencies of the system. Solution of the EVP generates the characteristic equation
f(AL, &, A, I, ¢,¢) = 0, which describes the relationship between the natural frequencies of the system
and the governing nondimensional parameters. Here, AL are the countably infinite nondimensional
natural frequencies of the system given by (AL)* = w?(pAL*)/(EI), where w is the dimensional
natural frequency. The complete characteristic equation for transverse vibrations of the system is
given by

K —2ATH(AL)® + (2 + (6A2¢ + 61)a) (AL)* — 18£2¢x2¢> cos(AL)

+6(AL)sin(AL) ( — IH(AL)®/3 + ¢pLPa(AL)? — A(AL)*/3 + aﬂ cosh(AL)+
3)
6(AL) < — [(AL)®/3 + ¢pL2a(AL)? + A(AL)*/3 — oc) sinh(AL) cos(AL) + 2AT; (AL)3+

<2 + (—6AL%p — 61})a> (AL)* +1802a%¢ = 0.

Equation (3) defines the relationship between the transverse natural frequencies of vibration
of the system, the sample stiffness in both the normal and lateral directions, and the tip mass and
rotational inertia.

2.2. The Torsional Problem

In the development of the model, we use the freely vibrating, unsprung torsional modes of
vibration of the system to estimate the rotational inertia of the massive tip. Within this approach,
we continue to assume that the tip is rigid. Note that, because of its circular cross section, the tip is
symmetric about the axes of rotation excited in transverse and torsional bending motions. This means
that the tip rotational inertia identified from torsional oscillation can reasonably be used as a proxy for
the tip rotational inertia needed in Equation (2) and, thus, in Equation (3).

With reference to the schematics in Figure 1, and focusing exclusively on torsional vibrations
about the x-axis of the beam, the equations of torsional motion of the free, unsprung system are given
by [36]

%0(x,t) Caze(x, t)

PI—5p oz’

(4)
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where ] is the polar moment of inertia of the beam cross section, 0(x, t) is the twist angle of the beam,
and C is the torsional rigidity of the beam. For a rectangular cross section of thickness & and width b,
C is given by C = kGh®b, where « is given by [37]

1 192h & 1 . b
k=3 (1 -5} i:1§5,,, l,tanh(mh)> (5)

and G = E/[2(1 + v)] is the shear modulus of the beam. For thin cross sections with I < b, « is well
approximated by the value 1/3, see for example [34]. The boundary conditions for Equation (4) are

given by
0(0,t) =0, (6a)
00(L,t) 0%0(L,¢t)
Cox T e (60)

which show that the free end of the cantilever is subject to a twisting torque caused by the rotational
inertia of the tip. Equation (6b) suggests the existence of an additional nondimensional parameter,
namely, fior =1t/ (pJL), which represents the nondimensional rotational inertia of the tip.

By assuming a separable solution for 6(x, t), we obtain the following characteristic equation

(BL) cot(BL) — for (BL)* = 0, )

where BL are the nondimensional natural frequencies of torsional vibration given by
BL = wir\/pJ/CL, and wyy are the dimensional natural frequencies of torsional vibration.
Equation (7), in the symbolic form g(BL, [;,r) = 0, defines the relationship between the freely vibrating
torsional modes and the rotational inertia of the massive tip.

2.3. Sample Stiffness Identification Procedure

Figure 2 schematically depicts the identification procedure used in this work. Assuming the
availability of certain unsprung and sprung natural frequencies from an experiment, as well as of
some basic material and geometry parameters, the proposed procedure is capable of identifying the
unknown sample stiffness.

In the first step, the first freely vibrating torsional frequency T} = wy,,1 (assumed to be
measured from an experiment or otherwise available) is used as an input to solve Equation (7)
for the nondimensional rotational inertia of the tip Iior. The measured value Tj is converted to the
nondimensional eigenvalue 1L via the relationship given above in the discussion of Equation (7).
Then, from Equation (7), we have

Ttor = (B1L) ! cot(B1L). (8)

The nondimensional value [, once determined, is then converted to the nondimensional
value [; using the relation [; = [y, [(b* + h?)/(1212)], where we have used the definitions of these
nondimensional quantities and the fact that A = bh and | = (bh® + hb®)/12 for a rectangular cross
section with width b and thickness h.
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9(BL 1) =0

f(AL,0,A1,0,0)=0}—€

fAL,a,A,T,9,0)=0

Figure 2. Schematic flowchart of the estimation procedure. At each step, the quantities highlighted in
red are the unknowns to be estimated.

Next, [; and the first freely vibrating unsprung transverse natural frequency B; = w; (assumed to
be measured from an experiment or otherwise available) are used as input to solve Equation (3) with
a=0,¢ =0,and ¢ = 0 for the nondimensional tip mass A. Specifically, we find from Equation (3)

[+ cos(AL) cosh(AL)] — [(AL)3[sin(AL) cosh(AL) + cos(AL) sinh(AL)]
~ AL{I;(AL)3[cos(AL) cosh(AL) — 1] + [sin(AL) cosh(AL) — cos(AL) sinh(AL)]}

©)

where AL should be evaluated at the AL value determined from B; = w;. The value Bj is converted
to the nondimensional natural frequency A;L via the relationship given above in the discussion of
Equation (3). In the proposed framework, the nondimensional tip length ¢ only affects the moment
generated by the lateral spring in Equation (2c) and does not influence the rotational inertia of the tip.

Finally, the estimated nondimensional mass A and rotational inertia I; are used, along with the
in-contact transverse natural frequency of vibration B{ = wf{, the lateral to normal stiffness ratio ¢,
and the tip length to cantilever ratio ¢ to solve Equation (3) for the nondimensional stiffness of the
sample «. Equation (3) can be rearranged into the following quadratic equation in a:

oo +cra +¢o =0, (10)

where the coefficients of this polynomial are
2 =9£2¢[cosh(AfL) cos(A°L) — 1/, (11a)
cp = —3(AL) [((MLP(AM + ;) cos(A°L) 4 sin(A°L) (p£2(A°L)? + 1)) cosh(A°L)+
sinh(A°L) (¢pf*(A°L)? — 1) cos(A°L) — (A°L)3 (A% + 1})}, (11b)
co =(A°L)* K(AI}(ACL)‘1 — 1) cos(A°L) 4 (A°L) sin(A°L) ([;(A°L)? + A)) cosh(A°L)+

(A°L) sinh(A°L) ([;(A°L)? — A) cos(A°L) — Al;(A°L)* — 1} : (11¢)
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Here, A° represents the in-contact eigenvalue of the problem which is related to w{, as described
above in the discussion of Equation (3). It should be noted that, in this analysis, we assume that the
stiffness ratio ¢ and the length ratio ¢ are known, to simplify the estimation procedure. However,
Equation (3) could be solved with multiple measured in-contact natural frequencies to provide
simultaneous estimates of ¢, ¢, and «, similar to the approaches discussed in [2,18,19,38].

When assuming the values of ¢ and ¢ and using a single measured in-contact natural frequency
to estimate «, situations arise in which two real solutions of « may exist for Equation (10). This occurs
when two distinct pairs of k and k’ values, such that k' = ¢k, satisfy Equation (10) for the same
in-contact natural frequency. This apparent paradox is resolved by considering the mode shape of
vibration for each solution. For different pairs of k and k/, different mode shapes at the same frequency
can satisfy the equations of the system. Figure 3 shows such a case, where the mode shape for the
larger a solution is plotted in solid black and the mode shape for the smaller a solution is plotted
with a dash-dotted line. It is apparent that the solution for the lower « value is being generated by a
higher order mode. Using the mode shape data from the model, along with the knowledge of which
specific in-contact natural frequency is being used for property estimation, will ensure the proper «
branch selection.
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Figure 3. Mode shapes for two distinct a value solutions, at the same frequency, of Equation (10). These
solut